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Ac  acetyl 
Ac2O acetic anhydride 
AcOH acetic acid 
API active pharmaceutial ingredients 
AUC area under the plasma concentration–time curve 
n-BuOAc normal butyl acetate 
n-BuOCl tertiary butyl hypochlorite 
c.HCl concentrated hydrochloric acid 







DMSO dimethyl sulfoxide 
EGFR epidermal growth factor receptor 
Et3N triethylamine 
EtOAc ethyl acetate 
EtOH ethanol 
FTO freedom to operate 
GC gas chromatography 
GMP good manufacturing practice 
HER human epidermal growth factor receptor 
HMBC heteronuclear multiple bond correlation 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrometry 
HUVEC human umbilical vein endothelial cells 
IC50 half maximal inhibitory concentration 
ICH international conference on harmonization of technical 
requirements for regisration of pharmaceuticals for 
human use 
IPE diisopropyl ether 
  
IR infrared 
JAK janus kinase 
KSCN potassium thiocyanate 
LAH lithium aluminum hydride 
LC/MS liquid chromatography/mass spectrometry 
MeCN acetonitrile 
MeOH methanol 
MeOAc methyl acetate 
NaOBr sodium hypobromite 






NMR nuclear magnetic resonance 
NOESY nuclear overhauser effect correlated spectroscopy 
PAT process analytical technology 
PDE10A phosphodiesterase 10A 
PDGFR platelet-derived growth factor 
PI3 phosphoinositide 3-kinase 
PKCθ protein kinase Cθ 
PLGF placental growth factor 
i-PrOH 2-propanol 
QbD quality by design 
rt room temperature 
TCCA trichloroisocyanuric acid  
THF tetrahydrofuran 
TMEDA N,N,N',N'-tetramethylethylenediamine 
TYK2 tyrosine-protein kinase 2 
VEGF vascular endothelial growth factor 







































































































































































































































また、近年は PAT (process analytical technology)注1 と呼ばれる近赤外分光分析、ラマン分














準」 (good manufacturing practice: GMP) と呼び、薬事法で規制されている。GMP の考
え方の基本になっているのは、「人為的な誤りを最小限にすること」、「医薬品の汚染お
よび品質低下を防止すること」、「高い品質を保証するシステムを設定すること」という












                                                   
注1 リアルタイムな計測により、医薬品の製造工程を設計、分析、管理し、最終的に製品の品質を保証す














子 (vascular endothelial growth factor: VEGF) は最も有力な血管新生誘導因子として知ら
れている。VEGF のファミリーは構造的に相同性のある 5 つのタンパク質 (VEGF-A, 
VEGF-B, VEGF-C, VEGF-D, placental growth factor: PLGF) からなる。これらのタンパク
質が、レセプターとなるチロシンキナーゼ (vascular endothelial growth factor receptor: 

























結合、2位にアミノ基を持つイミダゾ[1,2-b]ピリダジン (化合物 1, 2) および[1,2,4]トリ















用いた合成法の検討を行い、簡便なワンポット合成法を開発した (第 1 章)。 















成法の検討を行い、N-クロロスクシンイミド (NCS) と K2CO3 水溶液を用いた 1-(ピリ
ジン-2-イル)グアニジン誘導体の新規酸化的閉環反応を見出した。この酸化的閉環反応
の基質適用範囲を調べる過程で、目的物の他に興味深い副生成物が得られることを見出
































化合物 1 および 2 は、VEGFR-2 キナーゼの阻害薬の候補化合物として武田薬品工業
において創製されたものである (Figure 4)。16 VEGFR-2キナーゼに対する IC50 注
4
 はい
ずれも 1.1 nM であり、非常に強い阻害活性を示す。また、化合物 2のフリー体につい
ては、VEGFによって誘起されるヒト臍帯静脈内皮細胞 (human umbilical vein endothelial 

















                                                   
注4 half maximal inhibitory concentrationの略。阻害薬がターゲットとなるタンパク質の活性を50%阻害する
濃度を表す。VEGFR-2キナーゼに対する阻害活性は、抗リン酸化チロシン抗体を用いてAlpha Screen system 
(Perkin-Elmer, USA) により測定された。16b 
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創薬化学における 1 と 2 の合成法注5 を Scheme 1 に示す。16(b)  3-アミノ-6-ヨードピ
リダジン 4 を Na2HPO4存在下にカルバメート 5 と反応させることで 6-ヨードイミダゾ
[1,2-b]ピリダジン 6 を得て、続いて Ba(OH)2を用いた加水分解によりエトキシカルボニ
ル基の除去を行い、シクロプロパンカルボニルクロリド 8と反応させることで中間体 9
を得る。続いて、約 150 °C という高温で 9 と 3-アミノ-4-フルオロフェノール 10 との
SNAr 反応を行って 11 を得た後、ピラゾールカルボン酸 12a、または市販の 1,3-ジメチ
ル-1H-ピラゾール-5-カルボニルクロリド 13bと反応させて化合物 1と 14を合成する。





ラフィーによる化合物の精製を行っていること、(3) 9 と 10 の SNAr 反応において高温 











Scheme 1. 創薬化学における 1と 2の合成法 
 









Scheme 2. 化合物 1と 14の逆合成解析 
 
化合物 15 については、後の工程で加水分解とアシル化を必要とするカルバメート 5
を使うことなく、2-ハロアセチルカルボキサミド 17a/17bと 3-アミノ-6-クロロピリダジ
ン 18を直接縮合させることで合成できるのではないかと考えた。もし、クロロ体 15と
16a/16b の SNAr 反応が進行するなら、ヨードピリダジン 4 よりもはるかに安価で入手
の容易な、3-アミノ-6-クロロピリダジン 18 を出発原料として用いることができること
になる。フェノール 16a/16b については、化合物 10 のアミノ基、ヒドロキシ基の官能
                                                   
注6 リニアー (直線的) なルート：出発原料を、段階的に化学変換して目的の化合物を合成する方法。  
 
 
コンバージェント (収束的) なルート： 複数の出発原料を、それぞれ個別に化学変換して各中間体に導き、
それら各中間体同士を反応させて目的物を合成する方法。原材料費が安い、使用溶媒量が少ないために廃
棄物量が少ない、パラレル合成を実施できる可能性があるといった利点があることから、生産性の面でリ











がなされている。17 一方、6-メチル 3-アミノピリダジン 21 と、19a のアミノ基が保護
されたカルバメート 22 との縮合反応は進行して、対応するイミダゾ[1,2-b]ピリダジン




Scheme 3. イミダゾ[1,2-b]ピリダジン-2-アミンの合成例 
 
これらの結果からは、19a のアミノ基を保護することが 18 との縮合反応に必要であ
ることが示唆される。19aのアミノ基の保護基としては、これまでカルバメートを用い
た例しか知られておらず、他の保護基を使用した報告例が存在しなかった。19 そこで、
まずイミド 17a/17bを合成し、これらを 18と縮合させることで 15が得られるかどうか
を検証した (Scheme 4)。アセトアミド 19aを、トリエチルアミン存在下に 8と THF中
で反応させたところ、17aが低収率 (8%) で得られた。一方、ブロモ体 19bを用いた場
合は、目的物 17b は得られなかった。別法として、シクロプロパンカルボキサミド 24
を n-BuOAc 中、100 °C で 2-クロロアセチルクロリド 25a と反応させたところ、17a が
収率 67%で得られた。24 と 2-ブロモアセチルブロミド 25b の反応は、17b を収率 36%
で与えた。得られた 17a を Na2HPO4 存在下、N,N-ジメチルアセトアミド (DMAC) 中
100 °Cで 18と 4時間反応させたところ、収率 48%で目的の 15が得られた。一方、17b







Scheme 4. 17a/17bの合成と 18 との縮合反応 
 







から 15 を合成した際、単離した 15 の結晶に黒い着色が認められたためである。まず、
溶媒を DMACに固定して、塩基のスクリーニング (Na2HPO4、K3PO4、Na2CO3、NaOAc、




24 を塩基非存在下に 25bと 60 °Cで 1時間反応させ、その後、反応液中に 18と K3PO4
を添加して 80 °C で 3 時間反応させ、室温まで冷却してから反応液に水を添加して 15
の晶析、単離を行うことにした。化合物 24、25b、K3PO4の当量を変えて反応を行った
際の結果を Table 1 に示す。 
1.0当量の 25bを用いた場合の収率は、約 20%と低い値となった (entries 1, 2)。25bの
当量を 1.5 当量まで増やしたところ、収率は 44%まで向上した (entry 3)。一方、25bの
当量と K3PO4の当量を 2.0 当量まで増やしたところ、収率は低下した (entry 4)。最終的
には、2.0 当量の 24、1.5 当量の 25b、1.5 当量の K3PO4を用いた場合に、最も高い収率 
13 
 
(45%) が得られた (entry 6)。このワンポット反応で得られた 15は、単離した 17bを用
いて合成した 15 と比較して品質がやや低かった (標品を用いて HPLC で定量を行った
ところ、純度は 91 wt%注7 であった)。結晶中への無機塩の混入が疑われたため、
DMSO/H2Oから再結晶を行ったところ、高品質の 15 (>99 wt%) が収率 92%で得られた。 
 





















1 1.5 1.0  1.0  20 
2 1.5 1.0  1.5  18 
3 1.5 1.5 . 1.5  44 
4 1.5 2.0  2.0  21 
5 2.0 1.5  1.0  38 
6
b
 2.0 1.5  1.5  45 
7 2.0 1.5  2.0  42 
a 
Based on the amount of 18. 
b 
Insoluble matter was filtered off before addition of H2O. 
c 
Isolated yield 
corrected by the purity (based on 18).  
 




ることで、高品質の 15を収率 42%で得ることができた (Scheme 5, 2.88 kg, >99 wt%)。 
                                                   
注7 ここでは、次のように定義して使用している。                           





Scheme 5. 15のスケールアップ合成 
 
第3項 ピラゾールカルボン酸 12aの合成 
 
ピラゾールカルボン酸 12a (p10, Scheme 2 参照) は、原料として入手することが難し
かったため、化合物 1のスケールアップ合成を行うためには、12aの大量合成法を確立
することが必須であった。これまでに Martinらのグループが、エナミン 26と N-エチル
ヒドラジンのシュウ酸塩を反応させて、12a のメチルエステル体 27 を合成した例を特
許に報告している。20 しかし、彼らの方法は反応の位置選択性が低く、53:46 の比率で




Scheme 6. N-エチルピラゾールの合成例 
                                                   
注8 文献 20、文献 21 (いずれも特許) とも、異性体の構造決定に関する記載はなかった。 
15 
 





そこで、Scheme 6 の二例を参考に、N-エチルヒドラジンと 32a/32bを反応させて、12a




32a を基質として用いた場合は、THF や toluene、EtOAc 中でおおよそ 70:30 の位置選
択性で目的の 33aが生成した (entries 1, 3, 4)。興味深いことに、EtOHを溶媒とした場
合には選択性が逆転して、33bが非常に高い選択性 (33a:33b = 10:90) で得られた(entry 
2)。現在のところ理由は分かっていないが、この結果からはこの条件により、33b が選
択的に合成できる可能性が示唆される。一方、基質として 32bを用いた場合は、使用し
た溶媒に関わらず、高い (33a/33b > 84/16) 選択性で 33aが生成した (entries 9–17)。中
でも、最も高い選択性を示した溶媒は 1,2-ジメトキシエタン (DME) で、33aを 33a:33b 












                                                   
注9 化合物 33a/33bの構造については、HMBCおよび NOESY のスペクトルから推定した。 Data for 33a: 1H 
NMR (300 MHz, CDCl3) δ 1.34 (3H, t, J = 7.1 Hz), 1.48 (3H, t, J = 7.3 Hz), 2.46 (3H, s), 4.10 (2H, q, J = 7.3 Hz), 
4.27 (2H, q, J = 7.1 Hz), 7.83 (1H, s). Data for 33b: 1H NMR (300 MHz, CDCl3) δ 1.35 (3H, t, J = 7.1 Hz), 1.41 (3H, 



















1 32a THF 68 : 32  9 32b THF 90 : 10 
2 32a EtOH 10 : 90  10 32b EtOH 84 : 16 
3 32a toluene 73 : 27  11 32b toluene 88 : 12 
4 32a EtOAc 70 : 30  12 32b EtOAc 90 : 10 
5 32a MeCN 58 : 42  13 32b MeCN 90 : 10 
6 32a DMAC 48 : 52  14 32b DMAC 90 : 10 
7 32a IPE 64 : 36  15 32b IPE 88 : 12 
8 32a DME 65 : 36  16 32b DME 91 : 9 
     17
c
 32b DME 91 : 9 
a 
The reaction was conducted using 1.0 equiv of E/Z mixture of 32a/32b and 1.5 equiv of ethylhydrazine 
at 0–10 °C for 1 h. b Molar ratio was determined by HPLC analysis of the reaction mixture. c The reaction 
was conducted at −20 to −10 °C. 
 
以上の知見に基づき、容易に入手可能なケトエステル 34 から 32b を合成し、さらに
12aを合成した (Scheme 7)。化合物 34を無水酢酸中、オルトギ酸トリエチルと 100 °C
で 11 時間反応させ、溶媒を留去して 32b の粗生成物を得た。これを EtOH に溶解させ
て、－20~－10 °Cで N-エチルヒドラジンと反応させたところ、33aと 33bの 91:9の混
合物が得られた。得られた混合物を、EtOH中 8 M 水酸化ナトリウム水溶液で加水分解






                                                   






Scheme 7. 12aの合成 
 
第4項 化合物 1、14の合成 
 
フェノール 16a/16b については、アミノフェノール 10とピラゾールカルボン酸 12か









ボン酸 12bを DMAC中、0~10 °Cで塩化チオニルと反応させて酸クロリド 13 に変換し






最終工程における 15と 16a/16bの SNAr 反応について、塩基と溶媒のスクリーニング
を行ったところ、Cs2CO3と DMSO の組み合わせが最もよく、反応速度が向上すること





ながっていると考えられる。化合物 15 を 2.0 当量の Cs2CO3の存在下、1.2 当量の 16a
と DMSO中 100~110 °Cで反応させたところ、反応は 4時間でほぼ終了した。反応終了
後、反応液に MeOH と水を添加することで目的物が晶析したため、一度結晶を取得し
て、MeOH/H2O (2:1) 中で懸濁撹拌してから再度濾取することで、純度の高い 1を収率
85%で得ることができた。注13 一方、15 と 16b の反応は 16a との反応と比較して遅く、
反応を完結させるために、DMSO中 100~110 °Cで 9時間反応させる必要があった。反
応終了後に、反応液にMeOHと水を添加することで目的物の 14が晶析し、濾取をする
ことで 14を収率 94%で得ることができた。 
 
                                                   
注11 実験室において数グラムスケールで 16aを合成した。最終的には 16aの大量合成を行う機会はなかっ
たが、スケールアップ可能な製造法を確立しており、必要があれば大量合成が可能である。 
注12 一例を示すと、塩基 2当量、反応温度 95 °C、反応時間 5時間の反応条件では、K2CO3/DMSOでは転
換率 62%,、NaOH/DMSO では転換率 89%、K3PO4/DMSOでは転換率 89%、Cs2CO3/DMSOでは転換率 96%
であった。また、Cs2CO3と DMF、DMAC、NMP の組み合わせでは、同一の反応条件で転換率は 90%程度
に止まった。 






Scheme 9. 1と 14の合成 
 












た。創薬化学における合成法 (フマル酸：1.05 等量、溶媒：THF/EtOAc) は小スケール
でも非常に再現性が悪く、目的の 2が得られることもあれば、2 の溶媒和物が得られる
こともあった (Table 3, entry 1)。スケールアップのための検討に際しては、14の汎用溶





各種の溶媒を貧溶媒注14 として用いて検討を行ったが、すべて 14 が低収率で回収さ
れるのみであった (entries 2–6)。他の非プロトン性極性溶媒も試したが、やはりフマル
酸塩への変換は起こらず、14が回収される結果となった (entries 7–9)。 
検討を続けるうちに、THFや 2-butanone に少量の水を添加することで 14の溶解度が
大きく増すことが分かった。2-butanone の場合には、2-butanone 単独では 14 を 70 °C





れば、2と 14の混合物が得られることもあり、熟成温度を 0~10 °Cまで下げた場合には、
2 の溶媒和物が得られることが多くなった (entry 10)。さらに試行錯誤を重ねた結果、
フマル酸の当量を増やすことが 2を安定した収率で得るうえで、極めて重要であること
が分かった。フマル酸の当量を 2.0~3.0 当量まで増やして反応を行うと、目的の 0.5 フ
マル酸塩 2が再現性良く、よい収率で得られた (entries 11–13)。おそらく、フマル酸の
当量を増やして溶液中のフマル酸の濃度を上げることにより、14や溶媒和物より 0.5 フ
マル酸塩が生成しやすいように平衡が移動していると考えられる。entry 13 の条件はス
ケールアップ製造にも問題なく適用でき、350 gの 14を 15%含水 2-butanone 中、3.0 当














                                                   
注14 貧溶媒 (anti-solvent): 晶析を行う際に用いる、目的とする化合物の溶解性が低い溶媒を指す。目的と
する化合物の溶解性が高い溶媒 (良溶媒) に化合物を溶解し、貧溶媒を添加して行う晶析を貧溶媒添加晶析
と呼ぶ。 (増補版 晶析の強化書 ～有機合成者でもわかる晶析操作と結晶品質の最適化～、滝山 博志 
著、S&T出版、2013.) 
注15 v/w : ここでは、化合物 1 kgに対して使用する溶媒量 (L ) を表す単位として使用している。65 v/w
であれば、化合物 1 kgに対しては 65 Lの溶媒、化合物 2 kg に対しては 130 Lの溶媒を意味する。 
21 
 























 DMSO (2)/EtOAc (10) 1.05 free 14 46 
3
a
 DMSO (2)/acetone (14) 1.05 free 14 40 
4
a
 DMSO (2)/2-butanone (20) 1.05 free 14 10 
5
a
 DMSO (2)/EtOH (8) 1.05 free 14 62 
6
a
 DMSO (2)/2-propanol (8) 1.05 free 14 61 
7
a
 DMF (4)/EtOAc (20) 1.05 free 14 66 
8
a
 NMP (3)/EtOAc (15) 1.05 free 14 54 
9
a
 DMAC (4)/EtOAc (20) 1.05 free 14 72 
10
b




 60 (2-butanone 4.8%)
d
 
free 14 + 2 64 
11
b
 10% aqueous 2-butanone (20) 2.0 2 74 
12
b
 10% aqueous 2-butanone (20) 3.0 2 76 
13
b
 15% aqueous 2-butanone (20) 3.0 2 75 
a 
After 14 and fumaric acid were dissolved into the solvent, anti-solvent was added at the room 
temperature. 
b 
After 14 and fumaric acid were dissolved into the solvent with heating, the solution was 
gradually cooled to room temperature and aged at the same temperature. 
c 
Aged at 0 °C. 
d 
The numbers in 




































































化合物 3は、1章において詳述した化合物 1、および 2とは異なるケモタイプとなる、
[1,2,4]トリアゾロ[1,5-a]ピリジン-2-アミンを母核とする VEGFR-2 キナーゼ阻害薬の候
補化合物である (Figure 5)。24 VEGFR-2キナーゼに対する IC50は 2.0 nM、HUVECの増












な最高血漿中濃度 (Cmax) と AUCが達成されて薬物動態が大きく改善されている。 
化合物 3のキナーゼ選択性を調べたところ、VEGFRキナーゼだけでなく、PDGFR (血
小板由来成長因子受容体: platelet-derived growth factor receptor) のキナーゼファミリー
に対しても阻害活性を示すことが分かった。PDGF (血小板由来成長因子: platelet-derived 
growth factor) と PDGFRの相互作用によるシグナル伝達は、血管新生の際の血管周皮細
胞の集積に必須であり、この相互作用を阻害することは末期癌における腫瘍の更なる増
殖を防ぐ有効な手段であることが示されている。25 したがって、VEGFR と PDGFR を
同時に阻害することで、血管新生阻害による抗腫瘍剤として協同効果が得られる可能性
がある。一方、化合物 3のHER2 (ヒト上皮成長因子受容体 2: human epidermal growth factor 
25 
 
receptor 2)、EGFR (上皮成長因子受容体: epidermal growth factor receptor)、インスリン受容
体、PKCθ (タンパク質キナーゼ Cθ: protein kinase Cθ) に対する結合能は低く、キナーゼ
の選択性に問題はなかった。 
化合物 3 の抗腫瘍活性を、ヒト前立腺癌 (DU145) と非小細胞肺癌 (A549) を異種移
植したヌードマウスを用いて検証したところ、経口で 10 mg/kg/day (5 mg/kgを 1日 2回) 













25%に止まっている (Scheme 11)。26b まず、フェノール 10 とピラゾールカルボニルク
ロリド 13b のアシル化反応により、第 1 章で述べた化合物 16b を得ている。得られた
16b と 5-ブロモ-2-ニトロピリジン 35a の SNAr 反応を行うと、目的の 36 と 5-ブロモピ
リジン 37a の混合物が得られるため、シリカゲルカラムクロマトグラフィーにより 36
を単離精製する。36のニトロ基を接触還元により還元し、得られた 38をイソチオシア
ネート 39 と反応させることによりチオウレア 40 を合成する。チオウレア 40 を、ジイ
ソプロピルエチルアミン (DIPEA) 存在下に過剰量のヒドロキシルアミン塩酸塩と反応
させることにより、環化反応が進行して 41 が生成する。26 最後にシクロプロパンカル
ボニルクロリド 8とのアシル化反応を行って目的の 3を得ている。 
この合成法は実験室で小スケールの合成を行う上では問題はないものの、キログラム
スケールのバルク製造を行うには、 (1) リニアーな合成法であり、総収率が低い、(2) 化
合物 10の大量入手が難しい、注17 (3) 16bと 35aの SNAr反応における選択性が低く (36 : 
37a = 60 : 40)、シリカゲルカラムクロマトグラフィーによる精製が必要である、(4) 高
価、かつ催涙性のあるイソチオシアネート 39 を使用している、という問題点が存在し
た。 
                                                   










入手可能な化合物を原料とする大量合成法の開発を行うことにした。化合物 10 は第 1
章の化合物 1、2 の合成の際にも用いているが、化合物 3 の合成においてより主要な出




36の合成については、10 から 36への 2通りのルート (Route A, Route B) について検














第2項 化合物 10の大量合成法の開発 
 
これまでに報告されている10の合成法27, 28, 29 のうち、大量合成に適用できる可能性の
ある2つの合成法について追試を行って、その可能性を検証することにした。最初の方











Scheme 13. 43からの10の合成 
 
2つ目の方法は、化合物49/50の接触還元に基づく方法である (Scheme 14)。29, 30 大量
入手可能な2-クロロ-4-フルオロフェノール47とクロロ炭酸メチルを、Na2CO3存在下に
水中で反応させ、反応中に析出した結晶を濾取することで炭酸エステル48を収率95%で
得た。得られた48の結晶は、加温下 (>40 °C) に減圧乾燥すると昇華することが分かり、
乾燥には注意が必要であった。いくつかの乾燥条件を検討した結果、乾燥温度を30 °C、
減圧度を－0.1 MPaに設定した。続く濃硫酸と濃硝酸を用いたニトロ化反応は位置選択
的に進行して、化合物49を収率93%で与えた。注18 さらに、49から2通りのルート (Scheme 
14, Route C, Route D) で10への変換を試みた。 









Scheme 14. 47 からの 10の合成 
 






触還元反応について、添加剤の添加や触媒量を含めて詳細に検討を行った (Table 4)。 
10% Pd/C (Pd: 3 mol%) を用い、室温で 4時間反応を行ったところ、10が収率 64%で
得られた (entry 1)。この条件下ではニトロ基の還元は非常に速く、反応 1時間の段階で
原料 50 はほぼ完全に消費された。一方、クロロ基の還元は遅く、反応 4 時間後でも中
間体 52 注20 が 4%残存した。 
 
                                                   
注19 H2 (50 psi), 10% Pd/C, 12 h, 収率 70%
29b , H2 (balloon), Pd(OH)2/C, 8 h, 収率 67%
29c. 
注20 化合物 52の構造は単離して決定した。1H NMR (300 MHz, DMSO-d6) δ 5.13 (brs, 2H), 6.37 (d, 
4JHF = 8.6 
Hz, 1H), 6.95 (d, 3JHF = 11.0 Hz, 1H), 9.52 (brs, 1H, OH); 
13C NMR (75 MHz, DMSO-d6) δ 103.3 (d, 
3JCF = 4.3 Hz), 
104.5 (d, 3JCF = 9.7 Hz), 115.7 (d, 
2JCF = 22.6 Hz), 136.17 (d, 
2JCF = 14.10 Hz), 144.0 (d, 
1JCF = 231.09 Hz), 149.7 (d, 
4JCF = 1.9Hz); Anal. Calcd for C6H5ClFNO: C, 44.60; H, 3.12; Cl, 21.94; F, 11.76; F, 11.76; N, 8.67; O, 9.90. Found: 
C, 44.37; H, 3.24; N, 8.73. 
30 
 











HPLC assay yield 
(%) 
10 52 53 50 
1 3 – 4 64 4 2 0 
2 3 AcOH (2.0) 4 78 6 2 0 
3 3 c.HCl (2.0) 4 8 80 0.2 0 
4 3 NaOAc (2.0) 3 87 0.1 10 0. 
5 3 Na2CO3 (2.0) 3 37 0 58 0 
6 3 8 M NaOH (2.0) 3 8 7 37 0 
7 3 MeONa (2.0) 3 67 0 29 0 
8 3 NaOAc (1.1) 3 85 0.5 5 0 
9 5 NaOAc (1.1) 3 77 0.7 4 0 
10 10 NaOAc (1.1) 3 53 1 3 0 




0.4 4 0 
a
 Isolated yield after column chromatography. 
 
 続いて、添加剤として数種の酸・塩基を加えて反応を行い、その効果を検証した。酢
酸を添加した場合は収率が 78%に向上した (entry 2)。興味深いことに、濃塩酸 (c.HCl) 
を 2.0当量添加して還元反応を行うと 52の脱クロロ化が大きく阻害され、収率が 8%に












一方、Na2CO3と NaOMe を添加した場合は、52 の残存量は大きく減少したものの、10
のベンゼン環の還元が進行して化合物 53 注21 が大量に生成する結果となった (entries 5, 
7)。31 添加剤の検討を行うなかで、Pd 触媒の量も反応に大きな影響を与えることが分
かった。使用する Pd の量を 3 mol%から 5 mol%、10 mol%と増やしたところ、収率は
85%から 77%と 53%へとそれぞれ低下した (entries 9, 10)。さらに検討を続けた結果、最
適な触媒量が 2 mol%であることが分かった。2 mol%の Pd を用い、1.1 当量の NaOAc
を添加して反応を行うことで収率は 88%まで向上した (entry 11)。 
この還元反応における収率低下の要因は、ベンゼン環が還元された副生成物 53 の生
成と、53 が生成物 10 と副反応を起こすことにあると考えられる。これまでに、3-アミ






Scheme 15. 3-アミノフェノール 54 の還元 
 
 反応液を LC/MS で分析したところ、53 と 10 が反応してできた副生成物が数種類観
察された (Scheme 16、構造は推定構造)。注22 酸性条件下では 10 が 53 と反応し、それ
がさらに還元されることで他の副生成物が生じて、10 の収率が低下するものと考えら




よって反応液が次第に酸性になる (pH 3~4)。NaOAc のような弱塩基を適当量加えて反
応を行うことで、反応液の pHが適当な範囲にコントロールされ、系が強塩基性となっ
て 10 のベンゼン環の還元が促進されることなく、また系が酸性となって 10 が 53 と副
反応を起こすこともなく、収率よく 10 が得られるものと推察される。 
 
                                                   
注21 化合物 53の構造は、1H NMRと LC/MSの測定を行い、文献 31および市販の試薬 (Alfa Aesar社から
購入) とスペクトルデータが一致することで確認した。 
注22 HPLCによる分析では、これらの副生成物は非常に小さいピークとして検出された。これらの副生成






Scheme 16. 化合物 53の生成とその副反応 
 
このタイプのベンゼン環の還元は、3-アミノフェノール構造を持つ化合物に特有であ
ると考えられるため、ヒドロキシ基が保護された化合物 49 の還元反応 (Scheme 14, 
Route D) については、このようなベンゼン環の還元は起こらないものと推測された 
(Table 5)。 
 




entry additive (equiv) conversion (%)  
1 - 29 
2 NaOAc (1.0) 88 
 
実際に中性条件下で 49の接触還元反応を行ったところ (entry 1)、中間体 55 注23 のク
ロロ基の還元が非常に遅く、目的の 51 への変換率は 29%に止まった。一方、NaOAc を
添加した弱塩基性条件下で反応を行ったところ、変換率は 88%まで向上した (entry 2)。
しかし、NaOAc の添加によって、反応中に基質 49、中間体 55 および生成物 51 のメト
                                                   
注23 Data for 55: 1H NMR (300 MHz, DMSO-d6) δ 3.83 (s, 3H), 5.58 (brs, 2H), 6.74 (d, 
3JHF = 10.9 Hz, 1H), 7.27 
(d, 4JHF = 8.31 Hz, 1H); 
13C NMR (75 MHz, DMSO-d6) δ 56.01, 109.9 (d, 
3JCF = 5.78 Hz), 110.0 (sd, 
3JCF = 12.6 Hz), 
116.2 (d, 2JCF = 23.6 Hz), 137.0 (d, 
2JCF = 14.4 Hz), 143.3 (d, 
4JCF = 2.66 Hz), 148.0 (d, 
1JCF = 239.7 Hz), 153.0. 
33 
 
キシカルボニル基の脱保護が一部進行して、Route Cの中間体にあたる 50、52 と目的物
の 10が生成することが分かった (Scheme 17)。注24   
 
 





10 のスケールアップ合成には Route Dではなく Route Cを選択することにした。 
最適化した反応条件 (p30, Table 4 entry 11) はキログラムスケールでの製造にも適用
することができた。基質 50を 5.4 kg仕込み、2.0 mol %の Pd/C、1.1 当量の NaOAc を用
いて 0.1 MPa の水素圧で 4 時間反応を行った。触媒を濾去した後に溶媒を EtOAc に置
換し、食塩水で洗浄してから、EtOAc/n-heptane (1:4) から結晶化することにより収率80%







                                                   
注24 NaOAc の添加時、非添加時の化合物 49 の MeOH 中での安定性を調べた。MeOH 溶媒に 1.1 当量の
NaOAc と 49 を加えて撹拌を行ったところ、20 °C では 1 時間当たり 8%、40 °C では 1 時間当たり 30%の




第3項 化合物 36の合成 
 
化合物 36 の合成については、まず原料として購入可能な 5-ハロ-2-ニトロピリジン





K2CO3、K3PO4は DMSO中で同等の選択性を与えた (entries 3–5)。このうち、副生成物
が最も少ない K3PO4を塩基として使用することにした。 
 









42 : 56 
1 35a Cs2CO3  THF 21 : 79 
2 35a Cs2CO3  DMAC 59 : 41 
3 35a Cs2CO3  DMSO 62 : 38 
4 35a K2CO3  DMSO 65 : 35 
5 35a K3PO4  DMSO 62 : 38 
6 35a t-BuONa  DMSO 48 : 52 
7 35a 8 M NaOH  DMSO 59 : 41 
8
d
 35a K3PO4  DMSO/H2O (2:1) 75 : 25 
9
e




 The reaction was carried out using 1.0 equiv of 35a/35b, 1.2 equiv of 10 and 1.25 equiv of bases at 70–
75 °C for 1 h. 
b 
Molar ratio determined by HPLC analysis of the reaction mixture. 
c 
Yields were not 
determined in entries 1–8. d The reaction was carried out for 10 h. e The reaction was carried out using 1.9 
equiv of K3PO4 at 75–80 °C for 9 h. 
f
 Isolated yield of 42. 
 
                                                   
注25 Data for 56a: 1H NMR (300 MHz, DMSO-d6) δ 5.29 (brs, 2H), 6.24 (ddd, JHF = 6.5 Hz, J = 8.7, 2.9 Hz, 1H), 
6.51 (dd, JHF = 7.7 Hz, J = 2.9 Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H), 6.99 (dd, JHF = 10.2 Hz, J = 8.7 Hz, 1H), 8.00 (dd, J 
= 8.7, 2.6 Hz, 1H), 8.27 (d, J = 2.6 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) δ 107.9 (d, 
3JCF = 6.9 Hz), 108.7 (d, 
3JCF 
= 4.9 Hz), 113.3, 113.39, 115.5 (d, 2JCF = 20.2 Hz), 137.7 (d, 
2JCF = 14.8 Hz), 142.5, 148.0 (d, 
1JCF = 233.9 Hz), 148.1, 
150.1 (d, 4JCF = 1.9 Hz), 162.6. MS (ESI): m/z 283, 285 [M+H]
+. 56bについては LC/MS分析から構造を推定し
た。MS (ESI): m/z 239 [M+H]+. 
35 
 
検討を行ううち、溶媒として含水 DMSO (DMSO/H2O 2:1) を用いると、反応速度は低下
するもののDMSOを単独で溶媒に用いた場合よりも選択性が向上することが分かった。
また、基質については、35a を用いるよりも 35b を用いるほうがよい選択性を与えた。
最終的には基質として 35bを用い、DMSO/H2O (1:1) 溶媒中、1.9等量の K3PO4、1.2当
量の 10を用いて 75~80 °Cで 9時間反応させることで最適な結果が得られた (entry 9)。 
選択性は 42:56b = 86:14まで向上し、後処理後にジイソプロピルエーテルから晶析を行
うことで、1% (mol 比) の 56bを含む 42 が収率 76%で得られた (Scheme 18)。得られた
42 について、ピラゾールカルボン酸 12b と塩化チオニルから in situ で調製した酸クロ
リドと反応させ、EtOAc/n-heptane から結晶化することで 36を収率 87%で得た。得られ
た 36には 56bに由来する異性体は含まれていなかった。 
このルートについては、小スケールでは高品質の 36を収率よく与えたものの、10と






Scheme 18. Route Aの最適化の結果 
 
Route B (p27, Scheme 12) については、まず10と 12bから 16bを合成し、その後 35a/35b
との SNAr 反応の検討を行った (Table 7)。注
26
 10 と 35 の反応 (Table 6) と同様に、基質
としては 35aより 35b の方がよい選択性を与えた。スクリーニングを行った塩基と溶媒
のうち、K2CO3とDMSOの組み合わせが最もよい結果を与えた (entry 13, 36:37b = 80:20)。
また、この反応においても水を添加することで選択性の向上が認められた (entry 14)。
16bを 1.05当量の 35bと 1.1当量の K2CO3存在下、DMSO/H2O (5:1) 中 75~85 °Cで 6時
                                                   
注26 Data for 37a: 1H NMR (300 MHz, DMSO-d6) δ 2.20 (s, 3H), 3.99 (s, 3H), 6.86 (s, 1H), 7.05-7.10 (m, 2H), 
7.36 (dd, JHF = 9.9 Hz, J = 9.9 Hz, 1H), 7.44 (dd, JHF = 6.4 Hz, J = 2.9, 1H), 8.07 (dd, J = 8.8, 2.5 Hz, 1H), 8.29 (d, J 
= 2.5 Hz, 1H), 10.1 (brs, 1H); 13C NMR (75 MHz, DMSO-d6) δ 13.2, 38.8, 107.9, 113.7 (d, 
3JCF = 2.5 Hz), 116.8 (d, 
2JCF = 22.2 Hz), 119.7, 119.9 (d, 
3JCF = 8.0 Hz), 125.9 (d, 
2JCF = 14.0 Hz), 135.1, 142.8, 145.7, 147.9, 149.2, 152.68 
(d, 1JCF = 244.6 Hz), 158.3, 162.2. MS (ESI): m/z 405,407 [M+H]
+. 37bについては LC/MS分析から構造を推定
した。MS (ESI): m/z 361 [M+H]+. 
36 
 
間反応させると、97%を越える変換率、36:37b = 82:18の選択性で反応が進行した。 
 









36 : 37 
1 35a Cs2CO3 THF 30 : 70 
2 35a Cs2CO3 DMF 60 : 40 
3 35a  Cs2CO3 DMAC 56 : 44 
4 35a  Cs2CO3 NMP 57 : 43 
5 35a Cs2CO3 DMSO 66 : 34 (54)
e
 
6 35a  K2CO3 DMSO 69 : 31 
7 35a  t-BuONa DMSO 64 : 36 
8 35b Cs2CO3 DMF 72 : 28  
9 35b Cs2CO3 DMAC 70 : 30 (65)
e
 
10 35b  Cs2CO3 NMP 69 : 31 (65)
e
 
11 35b  Cs2CO3 DMSO 77 : 23 (72)
e
 
12 35b K3PO4 DMSO 79 : 21 (72)
e
 









 The reaction was carried out using 1.0 equiv of 35a/35b, 1.05 equiv of 16b and 1.1 equiv of bases at 70–
75 °C for 3 h. 
b
 Molar ratio determined by HPLC analysis of the reaction mixture. 
c
 Yields were not 
determined unless otherwise noted. 
d 
The reaction was carried out for 6 h. 
e
 HPLC assay yield of 36.  
 
EtOAc で抽出して水洗後、EtOAc/n-heptane (1:3) から晶析することで 2% (mol 比) の




                                                   






Scheme 19. Route Bの最適化の結果 
 
Route Aと Route B の最適化を行った結果、2工程の通算収率はほぼ同等であったが、
スケールアップに向けた懸念のない Route B を最終的な製法として選択した。Route B
に基づいてスケールアップ製造を行った結果、802 gの 35b、1.20 kgの 16b から 1.39 kg
の 36 (37b: 1.6 area%注28) を収率 78%で得ることができた。 
 
第4項  化合物 40 のワンポット合成 
 
前項にて得られた 36について、MeOH溶媒中、10%Pd/C (Pd: 2 mol%) を用いて接触
還元を行ったところ、反応初期に大きな発熱が認められた。そこで、溶媒の検討を行っ
たところ、EtOAc を溶媒に用いると反応がより温和に進行することが分かった。36 の
接触還元のスケールアップ (600 g の 36 を用いて 2 回に分けて反応を行った)注29 は
EtOAc 中、10% Pd/C (Pd: 2 mol%) を用いて 15~30 °Cで 3時間、40~45 °Cで 3時間反応
を行った (Scheme 20)。反応終了後に触媒を濾去し、EtOAc/n-heptane (2:5) から晶析す




Scheme 20. 36の接触還元 
 
                                                   
注28 実験項に記載の分析条件で化合物/反応液を HPLCで測定した際の、面積百分値を表す。 




57とイソチオシアン酸カリウム (KSCN) から in situ で合成し、38とワンポットで反応
させる検討を行った (Table 8)。57を 1.04 当量の KSCNと THF中 50 °Cで反応させたと
ころ、39は得られなかった (entry 1)。文献では、触媒量の塩基の添加が 39の調製に必
要であると報告されている。32 検討した塩基の中では TMEDA が最も効果的であり、
39 を収率 70%で与えた (entry 2)。一方、他の溶媒の使用を検討したところ、MeCN と
acetoneを溶媒に用いた場合には、塩基を添加することなく 39がそれぞれ収率 73%、57%
で得られた (entries 6, 7)。 
 














GC assay yield of 39 
(%) 
1 1.04 – THF 50 2 NDa 
2 1.2 TMEDA (0.1) THF rt 5 70 
3 1.2 Et3N (0.1) THF rt 5 38 
4 1.2 pyridine (0.1) THF rt 5 58 
5 1.2 DMAP (0.1) THF rt 5 59 
6 1.04 − MeCN 70 2 73 
7 1.04 − acetone 50 1.5 57 
a
 Not detected. 
 
さらに、得られた 39を単離することなくワンポットで 38と反応させることを試みた。
化合物 38を、Table 8 entry 2 の条件で調製した 39の THF溶液中に添加したところ、反
応は円滑に進行して 40が生成した。しかし、反応液中に水を滴下することで化合物 40
を晶析させることを試みたものの、油状物を与える結果となった。Table 8 entry 6 の
MeCNを溶媒とした場合も、反応液に水を滴下すると 40が油状物となったが、Table 8 
entry 7の acetone を溶媒とした場合には反応液中に水を滴下すると 40 が結晶化し、濾取
することで 40 を容易に単離することができた。acetone を溶媒にした際には、38 を 40
に完全に変換するために 2.0 当量の 57 と 2.1 当量の KSCN が必要となった。acetone 中
で 39を調製した後、38を反応液中に固体として加えて 25 °Cで 1時間撹拌した。反応
液に水を滴下することで 40が晶析し、濾取をして EtOH/H2O (1:1) で洗浄することで化







Scheme 21. in situ 調製した 39を用いた 40のワンポット合成 
 
第5項  化合物 3の合成 
 
化合物 41は、チオウレア 40 を 5当量のヒドロキシルアミン塩酸塩と 3当量の DIPEA
と EtOH中、50~55 °Cで 6時間反応させることにより容易に合成することができた。水
を反応液中に滴下することで結晶化が起こり、濾取をすることで 41の水和物 (41∙H2O) 









                                                   







拌し、残留硫黄を除く検討を行った (Table 9)。33 EtOH/H2O (1:1) のような含水溶媒は全
く効果がなかったが (entry 1)、脂溶性の高い溶媒については硫黄除去の効果があること
が分かった。toluene 中での懸濁撹拌は特に効果的で、残留硫黄が<0.05%となり、かつ




で減少したものの、回収率が 85%と低い値となった (entry 4)。最終的には混合溶媒
EtOAc/n-heptane (1:1) が最もよい結果を与え、残留硫黄が<0.05%となり、スケーリング






















1 2.8 EtOH/H2O (1:1) rt 96 2.8 
2 1.5 diisopropyl ether 60 98 0.55 
3 1.5 toluene 90 96 <0.05 
4 1.5 EtOAc 60 85 0.39 
5 1.5 EtOAc/n-heptane (1:1) 60 94 <0.05 
a
 Crude 41∙H2O was suspended in each solvent and stirred for 1 h at the temperature described in the table. 
After cooling to room temperature, the slurry was stirred for 1 h, and then 41∙H2O was collected by 
filtration. 
b
 Determined by elemental analysis. 
 
スケールアップ製造の際には、900 gの 38 から合成した 40の湿結晶を用いて反応を
行い、この手法を組み込むことで高純度 (残留硫黄<0.05%)の 41∙H2O が 38 からの 2 工




Scheme 23. 41 のスケールアップ合成 




創薬化学における化合物 41 と 8 とのアシル化反応の収率は、71%に止まっている 
(Scheme 11)。最終工程の収率は、全体の製造コストに大きな影響を与えるため、収率向
上のために若干の検討を行うことにした (Table 10)。化合物 41∙H2Oの汎用溶媒に対する
溶解性が極めて低いため、DMAC、NMP、DMF のような非プロトン性極性溶媒を用い
て反応を行った。41∙H2Oと 3.0当量の 8を、DMAC、もしくは NMP を溶媒として 40 °C
で 4~5時間反応させたところ、目的の 3が 95 area%以上生成した (entries 1, 2)。一方、
DMF を溶媒として用いて反応を行ったところ、3の生成は 10.4 area%に止まり、LC/MS
による分析から 58 と推定される化合物が 89.1 area%生成した。高価な試薬である 8 の
使用量を、3.0当量から 1.5当量まで減らしたところ、3の生成率は大幅に減少した (entry 
4, 63.9 area%)。そこで、反応を促進するために塩基の添加を検討した。1.2当量のトリ
エチルアミンを加えて反応を行うと、LC/MSによる分析から、ビスアシル化体 59と推
定される化合物が 39.1 area%生成した (entry 5)。スクリーニングを行った塩基のうち、
ピリジンの添加が最も転換率の向上に有効であった (entry 9, 10)。41∙H2Oを 2.0当量の
8 と 3.0当量のピリジン存在下に、25~40 °Cで 2時間反応させたところ、3 の生成率は
99.2 area% まで向上した (entry 10)。この最適化条件は、3のスケールアップ合成 (890 g
の 41∙H2O を使用) にも適用することができた (Scheme 24)。反応終了後に水と種晶 (3
の水和物: 3∙H2O) を加え、2 MのNaOH水溶液を滴下して pHを 6~8に調整したところ、
3∙H2Oの結晶が晶析した。注
32
 結晶を濾取し、水で洗浄することで、1.04 kgの高純度 (99.2 















                                                   
注32 結晶化の際に form Aの種晶を使うことで、3を無水物 (form A)として取得することは可能であったが、
無水物 (form A) の場合には濾過性が悪く、濾取をするのに非常に長い時間を要した。一方、水和物 (3・
H2O) の場合には濾過速度が速く、結晶を容易に単離することができた。  
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1 3.0 DMAC – 40 4 96.8 2.2 
2 3.0 NMP – 40 5 95.2 4.1 
3
b
 3.0 DMF – 40 3 10.4 <1 
4 1.5 DMAC – 50 5 63.9 34.6 
5
c
 1.5 DMAC Et3N (1.2) 50 3 40.8 18.1 
6
d
 1.5 DMAC DBU (1.2) 50 3 44.8 50.9 
7 1.5 DMAC t-BuOK (1.2) 50 3 35.3 27.5 
8 1.5 DMAC K2CO3 (1.2) 50 3 71.3 26.3 
9 1.5 DMAC pyridine (1.2) 50 3 83.1 16.5 
10 2.0 DMAC pyridine (3.0) 25–40 2 99.2 <1 
a
 Area % in HPLC analysis of the reaction mixture. 
b
 89.1 area % of 58 was observed. 
c
 39.1 area % of 59 
was observed. 
d

























3の汎用溶媒に対する溶解度が極めて低い (<0.3 wt%) ため、まずは DMSOを良溶媒
とした再結晶方法の検討を行った (Table 11)。注36 化合物 3を DMSO/H2Oから再結晶し
たところ、目的の form Aが得られたものの、結晶中にDMSOが 1.5%残留した (entry 1)。
DMSOに対する水の比率を上げて (DMSO/H2O 1:5) 再結晶を行ったが、残留 DMSOの









                                                   
注33 熟成時間 (aging time), 熟成温度 (aging temperature): 結晶を含む溶液を懸濁撹拌する温度および時間
のこと。結晶形の転移や残留溶媒の量に大きく影響する。 
注34 溶媒和によって形成される、溶媒を含む結晶形。溶媒が水の場合を水和物と呼ぶ。 
注35 Form B の結晶は、1水和物を 145 °C 以上に加熱した際に得られた。Form A、form B、1水和物の各結
晶形については、得られた結晶の粉末 X 線回折の測定を行い、そのシグナルのパターンにより識別した。 
 
 
注36 化合物 3の 25 °C での汎用溶媒に対する溶解度は次の通りである。EtOH, 0.28 wt %; acetone, 0.19 wt %; 
2-butanone, 0.16 wt %; 2-propanol, 0.08 wt %; EtOAc, 0.07 wt %; MeOAc, 0.11 wt %. 
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 DMSO (5) H2O (10) rt 89 A DMSO: 1.5 
2
c, e
 DMSO (5) H2O (25) rt 95 A DMSO: 1.4 
3
c, f
 DMSO (5) EtOH (10) 
H2O (10) 
rt 95 monohydrate DMSO: 0.08 
EtOH: 2000 4
g
 6 wt % H2O 
/EtOH (40) 
– 0–5 78 A 0.36 
5
g
 12 wt % H2O 
/EtOH (20) 
– rt 79 A EtOH: 0.30 
6
g
 18 wt % H2O 
/EtOH (25) 
– rt 68 A EtOH: 0.23 
7
h, i
 20 wt % H2O 
/EtOH (35) 
H2O (17) 0–5 94 monohydrate EtOH: 0.14 
a
 In entries 1–3 and 7, 3 was used as a substrate. In entries 4–6, 3∙H2O was used as a substrate. 
b
 In all 
experiments, seeds for form A (0.1 wt %) were added before addition of anti-solvent or lowering the 
temperature. 
c
 After dissolving 3 into DMSO at 40–50 °C, seeds were added at 40–45 °C. d H2O was 
added at 35–40 °C. e H2O was added at 45–55 °C. 
f
 EtOH was added first, and then H2O was added at 45–
55 °C. 
g
 3∙H2O was suspended in the solvent and heated to 65–75 °C. After confirming that 1∙H2O 
completely dissolved into the solvent, the solution was gradually cooled to 55 °C. At this point, seeds 
were added and the mixture was aged at 45–55 °C for 3–4 h. Then the slurry was gradually cooled to 0–
5 °C or room temperature, and aged for 9–12 h. h After dissolving 3 into 20 wt % H2O/EtOH at 60–65 °C, 
seeds were added at 50–55 °C. Then H2O was added at 55–65 °C. 
i
 After addition of H2O (17 v/w), the 
composition of the solvent became approximately 50 wt % H2O/EtOH. 
j









まず、form A、form B、3∙H2Oの結晶の、含水 EtOHへの溶解度を調べることにした 
(Figure 6)。興味深いことに、少量 (5~20%) の水が存在することで、3の EtOHに対する
溶解度が大幅に向上し (2 倍以上)、3を完全に溶解させるのに必要な溶媒量を大幅に削
減することが可能となることが分かった。また、含水率が 15 wt%を超えると、3∙H2Oの
溶解度が form Aの溶解度より低い値となることも分かった。これは含水率が 15 wt%を
超える条件では、3∙H2Oの方が安定的に存在することを意味する。したがって、form A
                                                   
注37 ICH (international conference on harmonization of technical requirements for regisration of pharmaceuticals 














を 6 wt%含水 EtOH (entry 4)、12 wt%含水 EtOH (entry 5) から再結晶したところ、期待通
りに form Aの結晶が得られ、残留 EtOHは 0.4%以下であった。3を 18 wt%含水 EtOH
から再結晶した場合にも、form Aの種晶の添加した効果もあり、form A の結晶が得ら
れた (entry 6)。一方、約 50 wt%含水 EtOHから再結晶を行ったところ、Figure 6の溶解
度曲線から支持されるように水和物が得られた (entry 7)。最終的に entry 5 の条件をス
ケールアップ (750 g の 3∙H2O を使用) したところ、小スケールでの実験結果を完全に









筆者は、スケールアップ製造に適応可能な効率的な 3 の合成法を開発した (Scheme 
25)。化合物 50の接触還元反応を詳しく検討することにより、NaOAc の添加と Pd触媒
の量を最適化することで副生成物の生成量を大幅に減らし、収率を向上させることが可
能となることを見出した。その結果、大量入手可能な原料を用いて、キログラムスケー
ルで出発原料 8を合成する製造法を確立した。化合物 35bと 16bの SNAr反応の選択性
は、塩基として K2CO3、溶媒として含水 DMSO を用いることで向上し、シリカゲルカ
ラムクロマトグラフィーによる精製を行うことなしに目的の 36 を収率よく得ることが




































して使用することで 41∙H2Oのアシル化反応の収率が大きく向上し、最終的に 1 kg以上
の 3∙H2Oを高収率、高品質に合成することができた。以上の詳細な検討の結果、総収率
は 54%にまで向上し、実験室レベルのスケールで行われた創薬化学の合成における総収
率 (Shcme 11, 25%) の 2倍以上の値となり、極めて効率的な合成法を完成させることが









































JAK2 阻害剤 35、CRK3 阻害剤 36、DNA ジャイレース/トポイソメラーゼ IV 阻害薬 37、
PDE10A阻害薬 38、 TYK2 阻害薬 39、Src キナーゼ阻害薬 40 として報告されている。 
最も一般的な[1,2,4]トリアゾロ[1,5-a]ピリジン-2-アミン誘導体の合成法を Scheme 26
に示す。41 2-アミノピリジン 60をイソチオシアナトぎ酸エチル 39と反応させてチオウ






















第1項  [1,2,4]トリアゾロ[1,5-a]ピリジン-2-アミン誘導体の新規合成法の開発 
 
Grendaらは、N-(ピリジン-2-イル)ベンズイミダミド 63が NaOCl と 1 M HCl で処理す
ることにより塩素化を受けること、得られた N-クロロアミジン 64 を Na2CO3で処理す
ることにより環化が起こり、[1,2,4]トリアゾロ[1,5,a]ピリジン 65が生成することを報告




Scheme 27. Grenda らによる[1,2,4]トリアゾロ[1,5,a]ピリジン 65 の合成 
 
筆者は、Grenda らと同様の手法を用いることで、1-(ピリジン-2-イル)グアニジン 67
から 62が合成できるのではないかと考えた (Scheme 28)。すなわち、67については 2-






Scheme 28. 1-(ピリジン-2-イル)グアニジン 67からの 62の合成 
 
著者の知る限り、67 の酸化と続く 68 の塩基処理による閉環反応はこれまでに報告例
がない。そこで、このコンセプトの妥当性を検証するために、まずは既知化合物である
1-(5-ニトロピリジン-2-イル)グアニジン 67a43 の NCS による塩素化と、中間体 68a の
K2CO3水溶液による閉環反応の検討を行った (Scheme 29)。67a の MeCN 懸濁液を 1.1
50 
 
当量の NCS と 40 °C で反応させたところ、数分で黄色の固体が析出したため、室温ま
で冷却してこの黄色固体を濾取した。高分解能質量分析 (HRMS) と NMR による分析
により、得られた化合物は 67a が塩素化された化合物で、その構造は 68b、68c ではな
く 68a であることが分かった (Figure 7)。44, 注38 68a の MeCN 溶液に 2.1 当量の K2CO3
水溶液を添加することで、68a の環化反応が期待通りに進行し、62a が収率 93%で得ら
れた (Scheme 29 (a))。化合物 62a については、別途 2-アミノ-5-ニトロピリジンから




ら 62a をワンポットで合成できるのではないかと考えた。そこで、実際に MeCN 中、
67aを 1.1当量の NCSと 40 °Cで 15分反応させた後、2.1当量の K2CO3水溶液を添加し
て同温度で 30 分間撹拌させた。EtOAc で抽出後、有機層を 10%食塩水で洗浄し、標品
を用いて HPLC にて定量を行ったところ、62a が収率 79%で得られたことが分かった 








Figure 7. 68aの構造決定 
                                                   








塩素化剤では、t-BuOCl が NCSと同程度の高い収率 (80%) で 62aを与えた (entry 5)。
NaOCl 水溶液、クロラミン T、トリクロロイソシアヌル酸 (TCCA)、1,3-ジクロロ-5,5-
ジメチルヒダントイン (NDDH) を用いた場合には、いずれも収率は低下した (entries 
1–4)。他の酸化剤についても検討を行った。NBS を用いた場合は、62aが低収率 (13%) 













1 aq NaOCl MeCN aq K2CO3 41 
2 chloramine-T MeCN aq K2CO3 42 
3 TCCA
b
 MeCN aq K2CO3 69 
4 NDDH MeCN aq K2CO3 42 
5 t-BuOCl MeCN aq K2CO3 80 
6 NBS MeCN aq K2CO3 13 
7 NIS MeCN aq K2CO3 0 
8 NCS MeCN pyridine 32 
9 NCS MeCN NEt3 15 
10 NCS MeCN DBU 51 
11 NCS MeCN K2CO3 34 
12 NCS MeCN 1M NaOH 77 
13 NCS MeCN aq KOAc 5 
14 NCS MeOH aq K2CO3 87
c
 
15 NCS EtOH aq K2CO3 74
c
 




 HPLC assay yield. 
b
 0.37 equiv of TCCA was used for the reaction. 
c






K2CO3を塩基として使用した場合には収率が大きく低下した (34%, entry 11)。1 M NaOH
水溶液を用いた場合には、K2CO3水溶液を用いた場合と同程度の収率で 62aが得られた 







を溶媒とした場合で、収率は 87%まで向上した (entry 14)。 
 




アニジン塩酸塩の SNAr反応により、グアニジン誘導体 67a-67mを合成した (Table 13)。
基質として様々な 2-ハロピリジン誘導体を用いて反応を試みたが、2-ハロピリジン誘導





















































































 Reaction conditions described in the table are as follows: A guanidine hydrochloride (10 equiv), K2CO3 
(15 equiv), t-BuOH, reflux. B guanidine carbonate (3 equiv), K2CO3 (5 equiv), 1-methylpyrrolidin-2-one 
(NMP), 120–140 °C. C guanidine carbonate (1 equiv), K2CO3 (3 equiv), NMP, 100–120 °C. D guanidine 
carbonate (3 equiv), K2CO3 (5 equiv), N,N-dimethylacetamide, 120 °C. 
b
 Isolated yield. 
c
 0.9 NMP 
solvate was obtained. 
 
 得られた基質 67b–67m を用いて、酸化的閉環反応の検討を行った (Table 14)。1-(3-
ニトロピリジン-2-イル)グアニジン 67b を基質として、ワンポットでの塩素化－環化反
応を行ったところ、生成物が反応液中に析出するのが確認された。水を貧溶媒として反
応液中に加え、濾取することにより 62bを収率 86%で単離することができた (entry 2)。
対照的に、1-(3-クロロピリジン-2-イル)グアニジン 67c を基質として用いた場合には、










Table 14. 1-(ピリジン-2-イル)グアニジン誘導体 67の酸化的閉環反応 a 
 



























































 The substrates in MeOH were treated with 1.1 equiv of NCS at 40 °C for 15 min. Then 2.1 equiv of 





NMP solvate of 67f was used as the substrate.  
 
この 2つの主生成物について、シリカゲルカラムクロマトグラフィーで単離、精製を
行い、HRMS と NMR で分析を行った。興味深いことに、HRMS分析の結果、この 2つ
の化合物は分子式 C6H5ClN4 に相当する全く同一の精密質量を持つことが分かった。加
えて、2つの化合物の 1H NMRのスペクトルは、ケミカルシフトの値は異なるものの同





を経て、目的の 62c だけでなく、62c と同様の構造を持つ化合物が生成していることが
示唆された。これら 2種の化合物について、HMBCや NOESYといった 2次元 NMRを
用いて構造を詳細に検討した結果、目的の 62cとは異なる生成物の構造は、Figure 8に
示した 69c であると示唆された。46 この酸化的閉環反応で得られた 62cと 69c の構造に
ついては、文献既知の方法で合成した 62c と 69cとスペクトルデータが一致することに








Scheme 30. 文献既知の方法による 62cと 69cの合成 
 
1-(5-クロロピリジン-2-イル)グアニジン 67d を基質とした場合には、69d が主生成物
56 
 
として収率 50%で得られ、62dの生成は痕跡量に止まった (p54, Table 14, entry 4)。次に、
異なる位置にトリフルオロメチル基を持つ 3種の 1-(ピリジン-2イル)グアニジンに対し
て本反応を適用した。3-CF3基を持つ 67e は、62e を収率 44%、69e を収率 20%で与えた 
(entry 5)。一方、4-CF3基と 5-CF3基を持つ基質では、69 が主生成物となった。67f は 52f
を収率 52%で与え (entry 6)、67gは 69gを収率 50%で与えた (entry 7)。意外なことに、
2 位にフッ素原子を持つ 67hからは、62hも 69hも得られなかった (entry 8)。67hの塩
素化は進行したものの、K2CO3水溶液を添加すると反応液が濃紫色の溶液となり、数種
類の構造不明の化合物の生成が確認された。3位に塩素原子と 5位に CF3基という 2つ
の置換基を持つ 67iについては、収率 57%で 62iを主生成物として与えた (entry 9)。 
本反応を、2環性化合物である 1-(キノリン-2-イル)グアニジン 67jと、1-(イソキノリ
ン-1-イル)グアニジン 67kにも適用した。67j と 67kは NCSと反応させることでいずれ
も塩素化を受け、K2CO3水溶液を添加すると三環性化合物を与えた。67j については、
69j が主生成物として得られた (39%, entry 10)。一方、67kについては 62kが主生成物
として収率 35%で得られた (entry 11)。期待に反して、1-(ベンゾ[d]オキサゾール-2-イル)
グアニジン 67m を基質とした場合には、環化生成物は得られなかった (entry 12)。 
 
第4項  酸化的閉環反応の反応機構に関する考察 
    
Table 14に示した通り、ピリジン環の 3位に電子求引基を持つ化合物 (67b、67c、67e)
を基質とした反応では、62が主生成物として得られた。一方、5位に電子求引基を持つ
67dと 67f の反応では、69 が主生成物となったが、強い電子求引基であるニトロ基を 5
位に持つ 67a の反応では、62a のみが得られた。また、5 位に CF3基を持つ化合物 67f





第 1 項に述べた通り、1-(ピリジン-2-イル)グアニジン 67 を酸化して、塩基で閉環さ
せる反応についてはこれまでに報告例がない。一方、文献によると、アミジン 73 を
NaOCl、もしくは NaOBr 水溶液で処理すると、3-ハロ-3置換ジアジリン 79 が興味深い



















れる (Scheme 32 (a))。81の開環反応は、2種の経路を通るものと推測される。ピリジン
環の窒素原子が、ジアジリンの窒素原子を攻撃すると、N-N 結合の開裂を伴って 62 が
得られると考えられる (path A)。一方、ピリジン環の窒素原子が、ジアジリンの CN二
重結合の炭素原子を攻撃すると、C-N 結合の開裂を伴って 69 が得られると考えられる 
(path B)。 
もうひとつ考えられる反応機構は、ナイトレンを経由するものである (Scheme 32 (b))。
アニオン 80が、塩素原子の脱離を伴ってナイトレン 82 となり、これがそのまま閉環す
ると 62 を与える (path C)。一方、ナイトレン 82 がナイトレン 83 に異性化し、クルチ
ウス転位と同様の反応機構で、カルボジイミド 84を与える可能性も考えられる。51, 52 ピ
リジン環の窒素原子が、カルボジイミド 84の炭素原子を攻撃すると、69 が生成するこ
とになる (path D)。 
この他に、アニオン 80 の負電荷が、電子不足のピリジン環上に非局在化し、生成し
たアニオン 85がグアニジンの窒素原子を攻撃することで、62を与える経路も考えられ
る (Scheme 32 (c), path E)。前述の通り、2位のグアニジル基に対して誘起効果、共鳴効
果を介して、より効率的に電子求引基として働く置換基を持つ基質では、62 が主生成




























































確立した。また、化合物 15 とフェノール 16a/16b の SNAr 反応を、比較的温和な条
件で進行させる反応条件を見出した。化合物 14の 0.5 フマル酸塩への誘導について





ピリジン 35b と、フェノール 16b の SNAr 反応によるエーテル化の検討を行い、含
水 DMSO/K2CO3を用いた系で反応を行うことで、5位での反応選択性が向上するこ
とを見出した。イソチオシアネート 39を安価な原料から in situ で調製し、さらにア
ミン 38とワンポットで反応させることで、チオウレア 40 を安価、安全、簡便に合
成することに成功した。また、化合物 3の再結晶において、目的の form Aの結晶が
最も安定となるような含水率の EtOH を溶媒として使用することで、再現性よく目
的の form Aが得られる再結晶方法を確立した。 
 


























































































リカゲル (CHROMATOREX) については富士シリシアから購入した。融点は、Büchi 
Melting Point B-540、もしくは Stanford Research Systems OptiMelt MPA 100 で測定して未
補正である。1H と 13C NMR、HMBC、NOESYスペクトルはテトラメチルシランを内
部標準として BRUKER AVANCE 500 spectrometer、もしくは BRUKER AVANCE 600 
spectrometer で測定した。ケミカルシフトは ppmで記載した。化合物の HPLC分析につ
いては、Shimadzu SPD-10A/LC-10AT と SPD-7A/LC-7、もしくは Shimadzu LC-2010CHT
を使用して行った。GC 分析については Shimadzu GC14B を用いて行った。高分解能
質量分析 (HRMS) については Shimadzu Prominence UFLC systemと Thermofisher LTQ 
Orbitrap Discoveryを用いて行った。IRスペクトルは Thermo Electron FT-IR Nicolet 4700 
(ATR)、もしくは Shimadzu IR Prestige-21 (nujol) を用いて行った。 元素分析については
Elementar vario MICRO cube (CHN) とMitsubishi Chemical Analytech XS-2100H/Dionex 






(A) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with CH3CN/50 mM aqueous KH2PO4 (pH 7.0) (40:60) at 1.0 mL/min flow rate; column 
temperature: 25 °C. Retention times: 2 (7.9 min), 14 (7.9 min), 15 (5.2 min), 18 (2.0 min). 
(B) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with CH3CN/50 mM aqueous KH2PO4 (30:70) at 1.0 mL/min flow rate; column 
temperature: 25 °C. Retention times: 1 (23.7 min), 10 (3.5 min), 12a (2.3 min), 15 (10.0 min), 
16a (5.6 min), 32a (3.1 min), 32b (7.1 min, 8.2 min), 33a (10.9 min), 33b (11.9 min). 
(C) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with CH3CN/50 mM aqueous KH2PO4 (40:60) at 1.0 mL/min flow rate; column 
temperature: 25 °C. Retention times: 10 (2.8 min), 12b (1.6 min), 16b (3.8 min). 
 
N-(2-Chloroacetyl)cyclopropanecarboxamide (17a)  
To a suspension of cyclopropanecarboxamide 24 (2.00 g, 23.5 mmol) in n-butyl acetate 
(n-BuOAc, 20 mL) at room temperature was added 2-chloroacetyl chloride 25a (2.92 g, 25.9 
mmol) dropwise, and the mixture was heated to 100 °C and stirred for 3 h. After cooling to 
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room temperature, the mixture was stirred for 1 h, and then filtered. Wet solids were washed 
with n-BuOAc (10 mL) and dried in vacuo at 50 °C to give the title compound 17a (2.55 g, 
67%) as a white solid; Mp 156–157 °C; 1H NMR (500 MHz, DMSO-d6) δ 0.83–0.86 (m, 2H), 
0.88–0.92 (m, 2H), 1.98–2.03 (m, 1H), 4.50 (s, 2H), 11.30 (s, 1H); 13C NMR (125 MHz, 
DMSO-d6) δ 9.1 (2C), 14.1, 45.3, 167.4, 173.9; IR (ATR) 3255, 3174, 3023, 2983, 2944, 1744, 
1698, 1515, 1448, 1408, 1394, 1314, 1210, 1173, 1158, 1105, 1060, 1027, 973, 940, 925, 889, 
852, 825, 801, 776, 708, 604, 559 cm
−1
; Anal. Calcd for C6H8NO2Cl; C, 44.60; H, 4.99; N, 8.67; 
Cl, 21.94. Found: C, 44.49; H, 4.99; N, 8.76; Cl, 22.15. 
 
N-(2-Bromoacetyl)cyclopropanecarboxamide (17b) 
To a suspension of 24 (2.00 g, 23.5 mmol) in n-BuOAc (20 mL) at 40–50 °C was added 
2-bromoacetyl bromide 25b (5.23 g, 25.9 mmol) dropwise, and the mixture was heated to 80 °C 
and stirred for 5 min. After cooling to room temperature, the mixture was stirred for 0.5 h, and 
then filtered. Wet solids were washed with n-BuOAc (5 mL) and dried in vacuo at 60 °C to give 
the title compound 17b (1.73 g, 36%) as a white solid; Mp 153–154 °C; 1H NMR (500 MHz, 
DMSO-d6) δ 0.84–0.88 (m, 2H), 0.89–0.93 (m, 2H), 2.02–2.07 (m, 1H), 4.33 (s, 2H), 11.27 (s, 
1H); 
13
C NMR (125 MHz, DMSO-d6) δ 9.2 (2C), 14.2, 31.7, 167.0, 173.9; IR (ATR) 3255, 3174, 
3018, 2947, 1741, 1697, 1513, 1450, 1392, 1283, 1175, 1144, 1103, 1059, 1025, 972, 937, 886, 
848, 824, 797, 701, 581, 551, 419 cm
−1
; Anal. Calcd for C6H8NO2Br; C, 34.98; H, 3.91; N, 6.80; 
Br, 38.78. Found: C, 34.83; H, 3.78; N, 6.80; Br, 38.95. 
 
N-(6-Chloroimidazo[1,2-b]pyridazin-2-yl)cyclopropanecarboxamide (15) 
To a 100 L-glass lined vessel at 20–30 °C were added 24 (5.01 kg, 58.9 mol) and DMAC (19.0 
L), and the mixture was cooled to 0–10 °C. To this solution at 0–10 °C was added 25b (8.94 kg, 
44.3 mol) dropwise over 1 h, followed by addition of DMAC (3.8 L). The mixture was heated to 
60 °C and stirred for 1 h, and then cooled to 0–10 °C. To this mixture at 0–10 °C were added 
K3PO4 (9.37 kg, 44.2 mol) and 3-amino-6-chloropyridazine 18 (3.81 kg, 29.4 mol), followed by 
addition of DMAC (7.6 L). The mixture was heated to 80 °C and stirred for 1 h, and then cooled 
to 25 °C. To this mixture was added THF (15.2 L), and the mixture was stirred at 25 °C for 1 h, 
and then filtered to remove insoluble matter. After addition of THF (22.9 L), EtOAc (76.9 L) 
and 5% aqueous NaHCO3 (114.3 L) were added to the combined filtrate, and then layers were 
separated. The organic layer was washed with H2O (38.1 L), and concentrated under reduced 
pressure. To the resulting residue was added DMSO (7.6 L), and the mixture was heated to 
70 °C and stirred until the mixture became a homogeneous solution. The solution was cooled to 
65 °C, and at this point 15 (3.81 g) was added as seed. The mixture was gradually cooled to 
25 °C over 1 h, and H2O (0.76 L) was slowly added at this temperature. The resulting slurry was 
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cooled to 0 °C and stirred for 2 h, and then filtered. Wet solids were washed with DMSO/H2O 
(1:4, 3.8 L) and H2O (22.9 L), and dried in vacuo at 60 °C to give crude 15 (3.17 kg) as a brown 
solid. To a 20 L-glass flask were added crude 15 and DMSO (8.5 L), and the mixture was heated 
to 70 °C and stirred until the mixture became a homogeneous solution. The solution was cooled 
to 65 °C, and at this point 15 (2.87 g) was added as seed. The mixture was gradually cooled to 
25 °C over 1 h, and H2O (0.85 L) was slowly added at this temperature. The slurry was cooled 
to 0 °C and stirred for 2 h, and then filtered. Wet solids were washed with DMSO/H2O (1:4, 2.8 
L) and H2O (17.1 L), and dried in vacuo at 60 °C to give the title compound 15 (2.88 kg, 41%) 
as a pale yellow solid; Mp. 190–191 °C; 1H NMR (500 MHz, DMSO-d6) δ 0.82–0.88 (m, 4H), 
1.95–1.99 (m, 1H), 7.33 (d, J = 9.0 Hz, 1H), 8.06 (dd, J = 9.5, 0.5 Hz, 1H), 8.25 (s, 1H), 11.25 
(s, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 7.6 (2C), 13.6, 105.3, 118.3, 125.4, 133.9, 142.9, 
144.9, 171.4; IR (ATR) 3337, 3118, 1667, 1618, 1536, 1514, 1441, 1402, 1329, 1279, 1233, 
1205, 1190, 1163, 1130, 1096, 1064, 1044, 1010, 964, 939, 883, 844, 818, 793, 779, 711, 668, 
636, 611, 590, 516 cm
−1
; Anal. Calcd for C10H9N4OCl: C, 50.75; H, 3.83; N, 23.67; Cl, 14.98. 
Found: C, 50.62; H, 3.83; N, 23.51; Cl, 15.08. 
 
1-Ethyl-3-methyl-1H-pyrazole-4-carboxylic acid (12a) 
To a solution of ethyl acetoacetate 34 (2.00 g, 15.4 mmol) in acetic anhydride (7.86 g, 77.0 
mmol) was added triethyl orthoformate (4.55 g, 30.7 mmol), and the mixture was refluxed for 
11 h. After cooling to room temperature, the mixture was concentrated under reduced pressure 
to give crude 32b. To a solution of crude 32b in 1,2-dimethoxyethane (20 mL) at −20 to −10 °C 
was added ethylhydrazine (1.39 g, 23.1 mmol) dropwise, and the mixture was stirred at 0–10 °C 
for 1 h, and then at room temperature overnight. The mixture was concentrated under reduced 
pressure to give a mixture of 33a and 33b (molar ratio 91:9) as an oil. To this oil were added 
EtOH (2.6 mL) and 8 M NaOH (2.6 mL), and the mixture was heated to 60–65 °C and stirred 
for 2 h. After cooling to room temperature, the solution was concentrated under reduced 
pressure until the weight of the solution became 6.3 g. To this solution was added 6 M HCl and 
the pH was adjusted to 4.0–4.5. The resulting slurry was stirred at room temperature for 1 h, and 
then filtered. Wet solids were washed with H2O (6 mL) and dried in vacuo at 50 °C to give the 
title compound 12a (1.79 g, 76% for 3 steps from 34) as a white solid; Mp. 156–157 °C; 1H 
NMR (500 MHz, DMSO-d6) δ 1.35 (t, J = 7.3 Hz, 3H), 2.31 (s, 3H), 4.06 (q, J = 7.3 Hz, 2H), 
8.13 (s, 1H), 12.07 (s, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 13.1, 15.1, 46.1, 111.4, 133.8, 
149.4, 164.5; IR (ATR) 3126, 2765, 2703, 2557, 2494, 2167, 2026, 1990, 1921, 1682, 1541, 
1486, 1472, 1407, 1379, 1355, 1334, 1254, 1233, 1166, 1118, 1086, 1032, 954, 904, 783, 776, 
711, 673, 636, 621, 556, 457 cm
−1
; Anal. Calcd for C7H10N2O2; C, 54.54; H, 6.54; N, 18.17. 




To a solution of 12a (4.60 g, 29.8 mmol) in DMAC (15.8 mL) at 0 °C was added thionyl 
chloride (3.72 g, 31.2 mmol) dropwise, maintaining the temperature below 20 °C. After addition 
of DMAC (1.8 mL), the mixture was stirred at 15–25 °C for 1 h. To this mixture was added 
3-amino-4-fluorophenol 10 (3.50 g, 28.4 mmol) portionwise, and the mixture was stirred at 15–
25 °C for 1 h. Then, H2O (7 mL), 4 M NaOH (15.6 mL) and H2O (19.3 mL) were successively 
added. At this point, to this mixture was added a small amount of 16a as seed, followed by slow 
addition of H2O (21 mL). The resulting slurry was stirred at room temperature for 1 h and then 
filtered. Wet solids were washed with H2O (10.5 mL) and dried in vacuo at 50 °C to give the 
title compound 16a (4.29 g, 57%) as a white solid; Mp. 157–158 °C; 1H NMR (500 MHz, 
DMSO-d6) δ 1.39 (t, J = 7.3 Hz, 3H), 2.35 (s, 3H), 4.09 (q, J = 7.3 Hz, 2H), 6.53 (ddd, 
4
JHF = 
3.5 Hz, J = 9.0, 3.5 Hz, 1H), 7.03 (dd, 
3
JHF = 10.5 Hz, J = 9.0 Hz, 1H), 7.18 (dd, 
4
JHF = 6.5 Hz, J 
= 3.0 Hz, 1H), 8.36 (s, 1H), 9.27 (s, 1H), 9.36 (s, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 13.3, 
15.1, 46.3, 111.4 (
3
JCF = 7.5 Hz), 111.9, 113.8, 115.5 (
2
JCF = 21.3 Hz), 126.2 (
2
JCF = 13.8 Hz), 
131.2, 148.2 (
1
JCF = 233.8 Hz), 148.9, 153.2, 161.5; IR (ATR) 3459, 3129, 2988, 1644, 1634, 
1608, 1555, 1480, 1460, 1444, 1402, 1378, 1366, 1357, 1334, 1299, 1287, 1258, 1236, 1195, 
1163, 1120, 1103, 1081, 1038, 1018, 1004, 974, 954, 888, 872, 852, 815, 795, 753, 731, 637, 
615, 600, 554, 531, 462, 451, 440 cm
−1
; Anal. Calcd for C13H14N3O2F: C, 59.31; H, 5.36; N, 
15.96; F, 7.22. Found: C, 59.16; H, 5.29; N, 15.90; F, 7.06. 
 
N-(2-Fluoro-5-hydroxyphenyl)-1,3-dimethyl-1H-pyrazole-5-carboxamide (16b) 
To a solution of 12b (578.8 g, 4.13 mol) in DMAC (2.0 L) at 0 °C was added thionyl chloride 
(514.7 g, 4.33 mol) dropwise, maintaining the temperature below 15 °C. After addition of 
DMAC (0.25 L), the mixture was stirred at 0–15 °C for 0.5 h. To this mixture was added 10 
(500.0 g, 3.93 mol) portionwise, maintaining the temperature below 40 °C. After addition of 
DMAC (0.75 L), the mixture was stirred at 15–40 °C for 1 h. Then, H2O (1.0 L), NaOH (346.1 
g, 8.65 mol) in H2O (4.5 L), and H2O (3.5 L) were successively added dropwise at 15–40 °C. 
The resulting slurry was stirred for 2 h, and then filtered. Wet solids were washed with H2O (1.5 
L) and dried in vacuo at 50 °C to give the title compound 16b (923 g, 94%) as a pale brown 
solid; Mp 188–189 °C; 1H NMR (500 MHz, DMSO-d6) δ 2.19 (s, 3H), 3.98 (s, 3H), 6.62 (ddd, 
4
JHF = 3.3 Hz, J = 8.5, 3.3 Hz, 1H), 6.83 (s, 1H), 7.02 (dd, 
4
JHF = 6.5 Hz, J = 3.0 Hz, 1H), 7.07 
(dd, 
3
JHF = 10.0 Hz, J = 9.0 Hz, 1H), 9.48 (br s, 1H), 9.85 (s, 1H); 
13
C NMR (125 MHz, 
DMSO-d6) δ 13.0, 38.5, 107.5, 112.9, 112.9, 115.8 (
2
JCF = 21.3 Hz), 125.0 (
2
JCF = 12.5 Hz), 
135.2, 145.4, 149.0 (
1
JCF = 235.0 Hz), 153.3 (
3
JCF = 1.3 Hz), 158.0; IR (ATR) 3229, 1651, 1625, 
1547, 1531, 1504, 1452, 1377, 1303, 1274, 1260, 1226, 1178, 1109, 1056, 1024, 973, 893, 850, 









To a solution of 15 (1.50 g, 6.33 mmol) in DMSO (7.5 mL) were added 16a (2.00 g, 7.60 mmol) 
and cesium carbonate (4.12 g, 12.7 mmol), and the mixture was heated to 100–110 °C and 
stirred for 4 h. To this mixture at 45–55 °C were added MeOH (15 mL) and H2O (30 mL) 
dropwise in this sequence. The resulting slurry was stirred at room temperature for 2 h, and then 
filtered. Wet solids were suspended in MeOH/H2O (2:1, 45 mL) and stirred at 50 °C for 1 h. 
After cooling to room temperature, the resulting slurry was filtered. Wet solids were washed 
with H2O (50 mL) and dried in vacuo at 50 °C to give the title compound 1 (2.49 g, 85%) as a 
pale brown solid; Mp. 192–193 °C; 1H NMR (500 MHz, DMSO-d6) δ 0.78–0.82 (m, 4H), 1.39 
(t, J = 7.3 Hz, 3H), 1.91–1.94 (m, 1H), 2.34 (s, 3H), 4.10 (q, J = 7.3 Hz, 2H), 7.07 (d, J = 9.5 Hz, 
1H), 7.11 (ddd, 
4
JHF = 3.5 Hz, J = 9.0, 3.5 Hz, 1H), 7.37 (dd, 
3
JHF = 9.5 Hz, J = 9.5 Hz, 1H), 
7.68 (dd, 
4
JHF = 6.3 Hz, J = 2.8 Hz, 1H), 7.95 (s, 1H), 8.04 (d, J = 9.5 Hz, 1H), 8.40 (s, 1H), 
9.54 (s, 1H), 11.08 (s, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ ; 7.4 (2C), 13.2, 13.6, 15.1, 46.3, 
105.2, 110.6, 113.5, 116.3 (
2
JCF = 22.5 Hz), 117.5, 117.5, 126.7, 127.1 (
2
JCF = 13.8 Hz), 131.4, 
133.4, 141.9, 148.8, 149.0, 151.7 (
1
JCF = 241.3 Hz), 159.0, 161.6, 171.1; IR (ATR) 3450, 3249, 
3077, 1673, 1665, 1656, 1626, 1529, 1477, 1451, 1434, 1377, 1334, 1320, 1290, 1242, 1228, 
1179, 1148, 1106, 1083, 1039, 1010, 984, 961, 880, 859, 804, 791, 756, 734, 708, 671, 628, 603, 
536, 490, 447, 424, 416, 401 cm
−1
; HRMS-ESI (m/z): [M+H]
+
 calced for C23H23N7O3F, 




To a 5 L-flask equipped with a mechanical stirrer, a reflux condenser with argon gas inlet, and a 
thermometer was added DMSO (775 mL), 15 (155.0 g, 0.66 mol), 16b (196.0 g, 0.79 mol) and 
cesium carbonate (427.0 g, 1.31 mol) with consecutive evacuation and backfilling with argon 
gas. The mixture was heated to 100–110 °C and stirred for 9 h under argon atmosphere. After 
cooling to 45–55 °C, the mixture was transferred to a 10 L flask, followed by rinsing with 
MeOH (465 mL). To this mixture were added MeOH (1085 mL) and H2O (3.1 L) dropwise in 
this sequence. The mixture was stirred at 20–30 °C for 1 h and stored at 15–25 °C overnight. 
After stirring for an additional 1 h, the slurry was filtered. Wet solids were washed with H2O (3 
× 1.55 L) and dried in vacuo at 60 °C to give the title compound 14 (276.4 g, 94%) as a pale 
brown solid; Mp 237–238 °C; 1H NMR (500 MHz, DMSO-d6) δ 0.78–0.84 (m, 4H), 1.91–1.96 
(m, 1H), 2.20 (s, 3H), 3.99 (s, 3H), 6.86 (s, 1H), 7.07 (d, J = 9.5 Hz, 1H), 7.22 (ddd, 
4
JHF = 3.5 
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Hz, J = 9.0, 3.5 Hz, 1H), 7.40 (dd, 
3
JHF = 9.8 Hz, J = 9.3 Hz, 1H), 7.55 (dd, 
4
JHF = 6.5 Hz, J = 
3.0 Hz, 1H), 7.95 (s, 1H), 8.04 (d, J = 9.5 Hz, 1H), 10.10 (s, 1H), 11.08 (s, 1H); 
13
C NMR (125 
MHz, DMSO-d6) δ 7.4 (2C), 13.0, 13.6, 38.5, 105.2, 107.7, 110.6, 116.7 (
2
JCF = 21.3 Hz), 118.9, 
119.1 (
3
JCF = 8.8 Hz), 125.8 (
2
JCF = 13.8 Hz), 126.8 , 133.4, 134.9, 141.9, 145.5, 148.9, 152.6 
(
1
JCF = 242.5 Hz), 158.1, 159.0, 171.1; IR (nujol) 3443, 3254, 3177, 3084, 1697, 1657, 1628, 
1541, 1466, 1439, 1377, 1333, 1294, 1225, 1180, 1150, 1109, 1009, 959, 887, 810, 746, 727, 
677 cm
−1




3-dimethyl-1H-pyrazole-5-carboxamide hemifumarate (2) 
To a 10 L flask equipped with a mechanical stirrer, a reflux condenser, and a thermometer was 
added 2-butanone (3.85 L), H2O (1.05 L), and fumaric acid (271 g, 2.34 mol). To this solution 
was added 14 (350.0 g, 0.78 mol), followed by addition of 2-butanone (0.7 L). The mixture was 
heated to 70 °C and stirred until 14 completely dissolved into the solution. The resulting 
solution was suction filtered at 70 °C through a glass filter to remove insoluble matter, followed 
by washing with 2-butanone (1.4 L), and transferred to a 10 L flask. The solution was cooled to 
room temperature and stirred for 3 h, and then filtered. Wet solids were washed with 2-butanone 
(1.05 L) and dried in vacuo at 60 °C to give the title compound 2 (295 g, 75%) as a white solid; 
Mp. 220 °C (DSC); 
1
H NMR (500 MHz, DMSO-d6) δ 0.78–0.84 (m, 4H), 1.91–1.96 (m, 1H), 
2.20 (s, 3H), 3.98 (s, 3H), 6.65 (s, 1H), 6.86 (s, 1H), 7.08 (d, J = 9.5 Hz, 1H), 7.22 (ddd, 
4
JHF = 
3.5 Hz, J = 9.0, 3.5 Hz, 1H), 7.41 (dd, 
3
JHF = 9.5 Hz, J = 9.5 Hz, 1H), 7.55 (dd, 
4
JHF = 6.5 Hz, J 
= 3.0 Hz, 1H), 7.95 (s, 1H), 8.05 (d, J = 9.5 Hz, 1H), 10.10 (s, 1H), 11.08 (s, 1H), 13.13 (br s, 
1H); 
13
C NMR (125 MHz, DMSO-d6) δ 7.4 (2C), 13.0, 13.6, 38.5, 105.2, 107.7, 110.6, 116.7 
(
2
JCF = 22.5 Hz), 118.9, 119.1 (
3
JCF = 8.8 Hz), 125.8 (
2
JCF = 15.0 Hz), 126.8 , 133.4, 133.9 (C=C 
fumaric acid), 134.9, 141.9, 145.5, 148.9, 152.6 (
1
JCF = 243.8 Hz), 158.1, 159.0, 165.9 (C=O 
fumaric acid), 171.1; IR (nujol) 3429, 3275, 3213, 1688, 1626, 1558, 1537, 1523, 1464, 1431, 
1377, 1346, 1296, 1244, 1221, 1188, 1155, 1123, 1103, 1038, 1013, 982, 959, 928, 822, 743 
cm
−1






(A) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with CH3CN/50 mM aqueous KH2PO4 (40:60) at 1.0 mL/min flow rate; column 
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temperature: 25 °C. Retention times: 3 (4.6 min), 10 (2.8 min), 16b (3.8 min), 38 (2.8 min), 40 
(12.7 min), 41 (3.6 min), 49 (22.0 min), 50 (9.7 min), 51 (6.2 min), 52 (4.3 min), 53 (1.5 min), 
55 (13.3 min), 12b (1.6 min), 58 (4.1 min), 59 (21.8 min). 
 (B) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with CH3CN/50 mM aqueous KH2PO4 (50:50) at 1.0 mL/min flow rate; column 
temperature: 25 °C. Retention times: 10 (2.3 min), 16b (2.7 min), 35a (4.7 min), 35b (4.3 min), 
36 (6.2 min), 37a (11.8 min), 37b (10.5 min), 42 (6.0 min), 56a (9.8 min), 56b (8.8 min). 
(C) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with CH3CN/50 mM aqueous KH2PO4 (60:40) at 1.0 mL/min flow rate; column 
temperature: 25 °C. Retention times: 47 (3.5 min), 48 (5.6 min). 
(D) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with CH3CN/10 mM aqueous AcONH4  (40:60) at 1.0 mL/min flow rate; column 
temperature: 25 °C. Retention times: 16b (12.7 min), 38 (4.6 min). 
(E) Inertsil ODS-3 column, 5 µm, 150 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic 
elution with  MeOH/50 mM aqueous KH2PO4 (50:50) at 1.0 mL/min flow rate; column 
temperature at 25° C. Retention times: 48 (22.1 min), 49 (19.4 min). 
 
[GC conditions] 
GC conditions. SPB-5 column, 30 m × 0.53 mm i.d., 5 µm film; FID detector, He carrier gas 
(approximately 6 mL/min); oven heating 80 °C for 5 min, 3 °C/min to 125 °C for 1 min. 
Retention times: 57 (3.7 min), 39 (14.0 min). 
 
2-Chloro-4-fluorophenyl Methyl Carbonate (48) 
A 300 L glass lined (GL) vessel was charged with 2-chloro-4-fluorophenol 47 (10.0 kg, 68.2 
mol), Na2CO3 (7.96 kg, 75.1 mol) and H2O (100 L). The mixture was heated to 40–45 °C and 
stirred for 1 h. Then the reaction mixture was cooled to 10 °C and methyl chloroformate (1.23 
kg, 13.0 mol) was slowly added at 10–25 °C. At this point, 48 (30.0 g) was added as seeds, 
followed by slow addition of methyl chloroformate (6.51 kg, 68.9 mol) at 10–25 °C. The 
resulting slurry was stirred at 10–25 °C for 1 h and then filtered. The wet cake was washed with 
H2O (60 L) and chilled EtOH/H2O (1:3, 40 L), and dried in vacuo (–0.08 to –0.10 MPa) at 
30 °C to afford 48 as a white solid (13.2 kg, 95%). Mp 74–75 °C; 1H NMR (500 MHz, 
DMSO-d6) δ 3.90 (s, 3H), 7.32 (ddd, 
3
JHF = 8.0 Hz, J = 9.0, 3.0 Hz, 1H), 7.53 (dd, 
4
JHF = 5.0 Hz, 
J = 9.0 Hz, 1H), 7.64 (dd, 
3
JHF = 8.5 Hz, J = 3.0 Hz, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 
56.0 (q), 115.5 (dd, 
2
JCF = 22.5 Hz), 117.4 (dd, 
2
JCF = 27.5 Hz), 125.0 (dd, 
3
JCF = 10.0 Hz), 126.7 
(sd, 
3
JCF = 11.3 Hz), 143.2 (sd, 
4
JCF = 2.5 Hz), 152.6 (s), 159.5 (sd, 
1
JCF = 245.0 Hz); IR (ATR)  
1768, 1758, 1597, 1493, 1438, 1400, 1268, 1245, 1184, 1072, 1041, 949, 932, 914, 858, 825, 
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798, 774, 735, 688, 677, 577, 555, 518, 452, 438 cm
-1
; Anal. Calcd for C8H6ClFO3: C, 46.97; H, 
2.96; Cl, 17.33; F, 9.29. Found: C, 46.94; H, 3.03; Cl, 17.08; F, 8.99. 
 
2-Chloro-4-fluoro-5-nitrophenyl Methyl Carbonate (49) 
A 300 L GL vessel was charged with concentrated sulfuric acid (47 L) and 48 (13.2 kg, 64.5 
mol). The mixture was cooled to 0–5 °C and nitric acid (65%, 7.51 kg, 77.5 mol) was slowly 
added, maintaining the temperature below 15 °C. The reaction mixture was stirred at 0–10 °C 
for 1 h and then slowly poured into H2O (132 L), maintaining the temperature below 25 °C. The 
resulting slurry was stirred at 0–10 °C for 1 h and then filtered. After washing with H2O (3 × 60 
L), the crude product was suspended in H2O (46 L). The slurry was stirred at room temperature 
for 1 h and then filtered. The wet cake was washed with H2O (3 × 60 L) and dried in vacuo to 
afford 49 as a yellow solid (15.0 kg, 93%). Mp 57–59 °C; 1H NMR (300 MHz, DMSO-d6) δ 
3.90 (s, 3H), 8.10 (d, 
3
JHF = 10.8 Hz, 1H), 8.44 (d, 
4
JHF = 7.2 Hz, 1H); 
13
C NMR (75 MHz, 
DMSO-d6) δ 56.6 (q), 120.6 (dd, 
2
JCF = 26.1 Hz), 121.6 (dd, 
3
JCF = 1.9 Hz), 133.6 (sd, 
3
JCF = 
10.7 Hz), 136.0 (sd, 
2
JCF = 8.6 Hz), 142.9 (sd, 
4
JCF = 3.8 Hz), 152.3 (s), 152.6 (sd, 
1
JCF = 264.4 
Hz); IR (ATR)  3459, 3371, 2362, 2337, 1756, 1639, 1508, 1464, 1443, 1304, 1261, 1227, 
1190, 1170, 1070, 1003, 937, 862, 839, 815, 778, 732, 669, 653, 628, 528, 490, 480, 469, 455, 
442, 433, 419 cm
-1
; Anal. Calcd for C8H5ClFNO5: C, 38.50; H, 2.02; Cl, 14.21; F, 7.61; N, 5.61. 
Found: C, 38.42; H, 2.08; Cl, 14.19; F, 7.54; N, 5.67. 
 
2-Chloro-4-fluoro-5-nitrophenol (50) 
A 300 L GL vessel was charged with 49 (15.0 kg, 60.0 mol), MeOH (30 L) and 2 M NaOH (45 
L). The mixture was stirred at 20–40 °C for 10 min. Then additional 2 M NaOH (15 L) was 
added, and the mixture was stirred at 30–40 °C for 1.5 h. The mixture was cooled to room 
temperature, and toluene (45 L) and H2O (15 L) were added. After phase separation, the 
aqueous layer was concentrated under reduced pressure until approximately 30 L of solvent was 
removed. To this solution, 2 M HCl (60 L) was slowly added and the pH was adjusted to 
approximately 1, maintaining the temperature below 30 °C. The resulting slurry was cooled to 
0–10 °C and stirred for 1 h, and then filtered. The wet cake was washed with H2O (3 × 30 L) 
and dried in vacuo at 40 °C to afford 50 as a yellow solid (10.8 kg, 94%). Mp 109–112 °C; 1H 
NMR (300 MHz, DMSO-d6) δ 7.59 (d, 
4
JHF = 7.0 Hz, 1H), 7.70 (d, 
3
JHF = 11.0 Hz, 1H), 11.1 (br 
s, 1H); 
13
C NMR (75 MHz, DMSO-d6) δ 111.9 (dd, 
3
JCF = 2.5 Hz), 119.8 (dd, 
2
JCF = 25.5 Hz), 
127.4 (sd, 
3
JCF = 9.3 Hz), 135.4 (sd, 
2
JCF = 8.4 Hz), 147.7 (sd, 
1
JCF = 256.2 Hz), 150.1 (sd, 
4
JCF = 
2.8 Hz); IR (ATR) 3376, 3116, 3062, 1616, 1591, 1524, 1487, 1420, 1359, 1349, 1334, 1293, 
1232, 1198, 1184, 1099, 1022, 1004, 901, 865, 844, 799, 756, 705, 637, 599, 556, 494, 468, 455, 
433, 417 cm
-1
; MS (ESI): m/z 192 [M+H]
+
; Anal. Calcd for C6H3ClFNO3: C, 37.62; H, 1.58; Cl, 
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18.51; F, 9.92; N, 7.31. Found: C, 37.51; H, 1.76; Cl, 18.54; F, 9.87; N, 7.39.  
 
3-Amino-4-fluorophenol (10) 
A 300 L GL vessel was charged with MeOH (108 L), 50 (5.40 kg, 28.2 mol) and NaOAc (2.54 
kg, 30.6 mol). After the reaction vessel was evacuated and backfilled with nitrogen, 10% Pd/C 
(PE type, 52.7% H2O wet, 1.32 kg, 0.587 mol as Pd) was quickly added to the solution. The 
reaction vessel was evacuated and backfilled with nitrogen, and then evacuated and backfilled 
with hydrogen three times. The reaction mixture was stirred at 15–25 °C for 4 h while 
maintaining hydrogen pressure at 0.1 MPa. The hydrogen was vented and the reaction vessel 
was evacuated and backfilled with nitrogen. The reaction mixture was filtered and the cake was 
washed with MeOH (32 L). The combined filtrate was concentrated under reduced pressure. 
EtOAc (22 L) was added to the residue and concentrated under reduced pressure again. Then 
EtOAc (54 L) and H2O (27 L) were added, and the layers were separated. After washing with 
5% aqueous NaCl (27 L), the organic layer was concentrated to 10.8 L under reduced pressure. 
EtOAc (43 L) was added, and the solution was concentrated to 10.8 L under reduced pressure 
again. To this solution was slowly added n-heptane (43 L), and the resulting slurry was stirred at 
15–25 °C for 30 min. After cooling to 0–10 °C, the slurry was stirred for 2 h, and then filtered. 
The wet cake was washed with EtOAc/n-heptane (1:4, 10.8 L) and dried in vacuo at 50 °C to 
afford 10 as a pale brown solid (2.85 kg, 80%). Mp 143–145 °C; 1H NMR (300 MHz, 
DMSO-d6) δ 4.91 (br s, 2H, NH2), 5.86 (ddd, 
4
JHF = 6.4 Hz, J = 8.6, 3.1 Hz, 1H), 6.18 (dd, 
4
JHF 
= 7.9 Hz, J = 3.1 Hz, 1H), 6.69 (dd, 
3
JHF = 11.4 Hz, J = 8.6 Hz, 1H), 9.10 (br s, 1H, OH); 
13
C 
NMR (75 MHz, DMSO-d6) δ 102.4 (dd, 
3
JCF = 6.6 Hz), 103.0 (dd, 
3
JCF = 3.7 Hz), 115.0 (dd, 
2
JCF = 19.5 Hz), 137.0 (sd, 
2
JCF = 14.3 Hz), 145.1 (sd, 
1
JCF = 226.6 Hz), 154.1 (s); IR (ATR)  
3387, 3295, 3045, 2953, 2832, 2723, 2362, 1631, 1605, 1509, 1360, 1317, 1208, 1159, 1132, 
1080, 966, 837, 770, 726, 696, 616, 597, 595, 442 cm
-1
; MS (ESI): m/z 128 [M+H]
+
; Anal. 




A flask was charged with H2O (50 mL), DMSO (50 mL), 5-chloro-2-nitropyridine 35b (10.0 g, 
63.1 mmol), 10 (9.62 g, 75.7 mmol) and K3PO4 (25.4 g, 120 mmol). The mixture was heated to 
75–80 °C and stirred for 9 h. After the mixture was cooled to room temperature, toluene (200 
mL) and 1 M NaOH (100 mL) were added, and then layers were separated. The organic layer 
was washed with H2O (100 mL) and concentrated under reduced pressure. The residue was 
suspended in diisopropyl ether (50 mL) and stirred at 50 °C for 1 h. The slurry was cooled to 
room temperature and stirred for 1 h, and then filtered. The wet cake was washed with 
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diisopropyl ether (20 mL) and dried in vacuo at 50 °C to afford 42 as a white solid (11.9 g, 76%, 
residual 56b: 1%). An analytical sample was prepared by recrystallization from 
EtOAc/n-heptane (1:2). Mp 96–97 °C; 1H NMR (300 MHz, DMSO-d6) δ 5.48 (br s, 2H), 6.33 
(ddd, 
4
JHF = 6.5 Hz, J = 8.7, 2.9 Hz, 1H), 6.57 (dd, 
4
JHF = 7.6 Hz, J = 2.9 Hz, 1H), 7.09 (dd, 
3
JHF 
= 11.2 Hz, J = 8.7 Hz, 1H), 7.58 (dd, J = 9.0, 2.9 Hz, 1H), 8.32 (d, J = 9.0 Hz, 1H), 8.38 (d, J = 
2.9 Hz, 1H); 
13
C NMR (75 MHz, DMSO-d6) δ 106.6 (dd, 
3
JCF = 7.1 Hz), 107.3 (dd, 
3
JCF = 5.2 
Hz), 116.2 (dd, 
2
JCF = 20.4 Hz), 120.6 (d), 126.2 (d), 138.3 (d), 138.6 (sd, 
2
JCF = 14.9 Hz), 148.2 
(sd, 
1
JCF = 235.1 Hz), 150.6 (sd, 
4
JCF = 2.0 Hz), 150.9 (s), 159.0 (s); IR (ATR) 3499, 3402, 1635, 
1567, 1513, 1453, 1396, 1352, 1286, 1235, 1198, 1150, 1140, 1111, 972, 911, 873, 853, 841, 
810, 767, 747, 710, 690, 627, 607, 472, 451, 416, 406 cm
-1
; Anal. Calcd for C11H8FN3O3: C, 




Preparation via route A.  
A flask was charged with 1,3-dimethyl-1H-pyrazole-5-carboxylic acid 12b (1.18 g, 8.43 mmol) 
and DMAC (9 mL). To the mixture was slowly added SOCl2 (1.18 g, 9.93 mmol) at 0–15 °C. 
The mixture was stirred at 10 °C for 1 h, and then 42 (2.00 g, 8.03 mmol) was added 
portionwise, followed by addition of DMAC (3 mL). The reaction mixture was stirred at room 
temperature for 1 h, and H2O (20 mL), 8 M NaOH (2.2 mL) and EtOAc (40 mL) were added in 
this sequence. After phase separation, the organic layer was washed with H2O (10 mL) and 
concentrated under reduced pressure. The crude product was suspended in EtOAc (10 mL), 
followed by slow addition of n-heptane (30 mL). The resulting slurry was stirred at room 
temperature for 1 h and then filtered. The wet cake was washed with n-heptane (10 mL) and 
dried in vacuo at 50 °C to afford 36 as a pale yellow solid (2.60 g, 87%). Mp 132–133 °C; 1H 
NMR (300 MHz, DMSO-d6) δ 2.20 (s, 3H), 3.99 (s, 3H), 6.88 (s, 1H), 7.20 (ddd, J = 6.9, 3.2, 
3.2 Hz, 1H), 7.47 (t like, J = 9.1 Hz, 1H), 7.59 (dd, J = 6.3, 3.0 Hz, 1H), 7.66 (dd, J = 9.0, 2.9 
Hz, 1H), 8.36 (d, J = 8.9 Hz, 1H), 8.44 (d, J = 2.7 Hz, 1H), 10.2 (br s, 1H); 
13
C NMR (75 MHz, 
DMSO-d6) δ 13.2 (q), 38.8 (q), 108.0 (d), 117.7 (dd, 
2
JCF = 22.2 Hz), 118.3 (d), 118.5 (dd, 
3
JCF = 
8.2 Hz), 120.7 (d), 126.7 (d), 126.8 (sd, 
2
JCF = 14.0 Hz), 135.0 (s), 138.5 (d), 145.7 (s), 149.8 
(sd, 
4
JCF = 2.6 Hz), 151.2 (s), 152.8 (sd, 
1
JCF = 252.8 Hz), 158.3 (s), 158.6 (s); IR (ATR) 1686, 
1624, 1573, 1541, 1523, 1433, 1348, 1242, 1190, 1167, 1111, 1014, 972, 877, 865, 855, 825, 
813, 759, 745, 692, 667, 646, 610, 592, 507 cm
-1
; MS (ESI): m/z 372 [M+H]
+
; Anal. Calcd for 





Preparation via route B.  
A 10 L separable flask was charged with DMSO (3.6 L), 16b (1.20 kg, 4.81 mol), 35b (802 g, 
5.06 mol), K2CO3 (732 g, 5.30 mol) and H2O (720 mL). The reaction mixture was heated to 75–
85 °C and stirred for 6 h. After the mixture was cooled to room temperature, EtOAc (15.6 L) 
and 5% aqueous NaCl (9.6 L) were added, and then layers were separated. The organic layer 
was washed with 5% aqueous NaCl (2 × 9.6 L) and concentrated to 8.4 L under reduced 
pressure. To this solution was added EtOAc (15.6 L) and the solution was concentrated to 6.0 L 
under reduced pressure. The mixture was stirred at 20–25 °C for 1 h, and then n-heptane (16.8 
L) was slowly added over 1 h. The resulting slurry was stirred at 20–25 °C for 1 h and then 
filtered. The wet cake was washed with chilled EtOAc/n-heptane (1:5, 10.2 L) and dried in 
vacuo at 50 °C to afford 36 as a pale brown solid (1.39 kg, 78%, HPLC analysis, 36: 97.2 




A 20 L separable flask was charged with 36 (600 g, 1.62 mol) and EtOAc (11.4 L). Nitrogen 
was introduced to the solution via glass tube, and nitrogen bubbling was continued for 10 min. 
After 10% Pd/C (PE type, 55.5% H2O wet, 77.9 g, 32.3 mmol as Pd) was quickly added to the 
mixture, hydrogen was introduced via glass tube. Under hydrogen bubbling, the mixture was 
stirred at 15–30 °C for 3 h and at 40–45 °C for 3 h. Then, the reaction mixture was filtered and 
the cake was washed with EtOAc (1.8 L). This hydrogenation was conducted twice and the 
filtrate was combined for work-up. The combined filtrate was concentrated to 5.4 L under 
reduced pressure, followed by dropwise addition of n-heptane (12 L). The resulting slurry was 
stirred at 20–25 °C for 0.5 h and then filtered. The wet cake was washed with EtOAc/n-heptane 
(2:5, 3.6 L) and dried in vacuo at 50 °C to afford 38 as a white solid (1.00 kg, 91%). Mp 141–
142 °C; 
1
H NMR (300 MHz, DMSO-d6) δ 2.20 (s, 3H), 3.99 (s, 3H), 5.92 (br s, 2H), 6.53 (dd, J 
= 8.9, 0.4 Hz, 1H), 6.80–6.86 (m, 2H), 7.15 (dd, J = 6.3, 3.1 Hz, 1H), 7.23 (ddd, J = 8.9, 2.9, 1.8 
Hz, 1H), 7.27 (d, J = 8.9 Hz, 1H), 7.79 (d, J = 2.6 Hz, 1H), 9.97 (br s, 1H); 
13
C NMR (75 MHz, 
DMSO-d6) δ 13.2 (q), 38.8 (q), 107.9 (d), 108.9 (d), 114.2 (d), 114.6 (dd, 
3
JCF = 7.6 Hz), 116.7 
(dd, 
2
JCF = 21.9 Hz), 125.9 (sd, 
2
JCF = 14.0 Hz), 130.5 (d), 135.2 (d), 139.8 (s), 143.4 (s), 145.7 
(s), 150.9 (sd, 
1
JCF = 241.8 Hz), 154.7 (sd, 
4
JCF = 2.1 Hz), 157.3 (s), 158.2 (s); IR (ATR) 3470, 
3424, 3291, 3158, 1684, 1633, 1609, 1538, 1524, 1493, 1435, 1398, 1369, 1328, 1310, 1284, 
1248, 1233, 1174, 1146, 1132, 1101, 1046, 1012, 972, 922, 888, 871, 830, 801, 788, 748, 720, 
658, 644, 634, 605, 592, 552, 526, 518, 503, 471, 449, 423, 403 cm
−1
; MS (ESI): m/z 342 
[M+H]
+





pyrazole-5-carboxamide Hydrate (41·H2O) 
A 20 L separable flask was charged with acetone (6.8 L) and potassium thiocyanate (538 g, 5.54 
mol). The mixture was warmed to 40–45 °C and ethyl chloroformate 57 (572 g, 5.27 mol) was 
slowly added at this temperature. The reaction mixture was stirred at 40–45 °C for 2 h, and then 
cooled to room temperature. To this mixture was added 38 (900 g, 2.64 mol), followed by 
addition of acetone (0.45 L). The mixture was stirred at 20–25 °C for 1 h, and then H2O (7.2 L) 
was slowly added. The resulting slurry was stirred at 20–25 °C for 1 h and then filtered. The wet 
cake was washed with EtOH/H2O (1:1, 2.7 L) to give ethyl 
{[5-(3-{[(1,3-dimethyl-1H-pyrazol-5-yl)carbonyl]amino}-4-fluorophenoxy)pyridine-2-yl]  
carbamothioyl}carbamate 40 as a white solid. 40 was used for the next reaction without drying. 
A 20 L separable flask was charged with wet solids of 40, EtOH (9.0 L), hydroxylamine 
hydrochloride (916 g, 13.2 mol) and DIPEA (1.02 kg, 7.91 mol). The mixture was heated to 50–
55 °C and stirred for 6 h (CAUTION: generation of H2S occurs). To this mixture was slowly 
added H2O (9.0 L) at 50–55 °C over 0.5 h. The reaction mixture was cooled to room 
temperature and stirred for 1 h. The resulting slurry was filtered and washed with EtOH/H2O 
(1:1, 2.7 L). The obtained solids were suspended in EtOAc/n-heptane (1:1, 9.0 L), and the slurry 
was heated to 50–55 °C and stirred for 1 h. After cooling to 20–25 °C, the slurry was stirred for 
1 h and then filered. The wet cake was washed with EtOAc/n-heptane (1:1, 2.7 L) and dried in 
vacuo at 50 °C to afford 41·H2O as a white solid (815 g, 81% yield over 2 steps from 38).  
 
40: Mp 156–157 °C; 1H NMR (300 MHz, DMSO-d6) δ 1.26 (t, J = 7.1 Hz, 3H), 2.19 (s, 3H), 
3.97 (s, 3H), 4.23 (q, J = 7.1 Hz, 2H), 6.83 (s, 1H), 6.98–7.05 (m, 1H), 7.30–7.37 (m, 2H), 7.62 
(dd, J = 9.1, 3.0 Hz, 1H), 8.23 (d, J = 3.0 Hz, 1H), 8.63 (br s, 1H), 10.1 (s, 1H), 11.5 (br s, 1H), 
12.1 (br s, 1H); 
13
C NMR (75 MHz, DMSO-d6) δ 13.2 (q), 14.3 (q), 38.8 (q), 62.4 (t), 107.9 (d), 
116.4 (d), 116.7 (d), 116.9 (d), 117.0 (d), 117.3 (s), 117.3 (d), 126.3 (sd, 
2
JCF = 14.0 Hz), 128.1–
128.2 (s, br m), 135.1 (s), 139.2 (s, br m), 145.7 (s), 148.6 (sd, 
1
JCF = 243.2 Hz), 150.8 (s), 152.2 
(sd, 
4
JCF = 2.2 Hz), 153.4–153.7 (s, br m), 158.2 (s); IR (ATR) 3420, 3155, 2997, 1716, 1694, 
1623, 1519, 1485, 1431, 1409, 1373, 1320, 1229, 1184, 1147, 1106, 1039, 970, 950, 917, 883, 
852, 834, 785, 766, 746, 678, 660, 632, 606, 549, 529, 487, 457, 445, 424, 409, 401 cm
−1
; MS 
(ESI): m/z 473 [M+H]
+
; Anal. Calcd for C21H21FN6O4S: C, 53.38; H, 4.48; N, 17.79. Found: C, 
53.29; H, 4.56; N, 17.64. 
 
41·H2O: Mp 153 °C; 
1
H NMR (500 MHz, DMSO-d6) δ 2.19 (s, 3H), 3.35 (s, 2H, H2O), 3.97 (s, 
3H), 6.03 (br s, 2H), 6.82 (s, 1H), 6.96 (ddd, J = 8.8, 3.8, 3.8 Hz, 1H), 7.26–7.34 (m, 3H), 7.42 
(dd, J = 9.5, 1.0 Hz, 1H), 8.62 (dd, J = 2.5, 0.6 Hz, 1H), 10.0 (s, 1H); 
13
C NMR (125 MHz, 
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DMSO-d6) δ 13.5 (q), 39.1 (q), 108.2 (d), 113.1 (d), 115.4 (d), 115.7 (dd, 
3
JCF = 8.8 Hz), 117.2 
(dd, 
2
JCF = 21.3 Hz), 120.5 (d), 124.4 (d), 126.4 (sd, 
2
JCF = 12.5 Hz), 135.5 (s), 143.7 (s), 146.0 
(s), 148.9 (s), 151.8 (sd, 
1
JCF = 241.3 Hz), 154.1 (sd, 
4
JCF = 2.5 Hz), 158.5 (s), 167.2 (s); IR 
(ATR) 3464, 3389, 3214, 1688, 1638, 1564, 1535, 1521, 1510, 1434, 1376, 1347, 1326, 1272, 
1239, 1179, 1170, 1138, 1117, 1043, 1013, 979, 917, 888, 877, 849, 817, 798, 781, 754, 741, 
658, 633, 604, 589, 512, 466, 454, 439, 409 cm
−1
; MS (ESI): m/z 382 [M+H]
+
 for anhydrate; 
Anal. Calcd for C18H18FN7O3: C, 54.13; H, 4.54; N, 24.55. Found: C, 54.02; H, 4.51; N, 24.65.  
 
N-[5-({2-[(Cyclopropylcarbonyl)amino][1,2,4]triazolo[1,5 -a]pyridin-6-yl}oxy)-2-  
fluorophenyl]-1,3-dimethyl-1H-pyrazole-5-carboxamide Hydrate (3·H2O) 
A 20 L separable flask was charged with 41·H2O (890 g, 2.23 mol), pyridine (529 g, 6.69 mol) 
and DMAC (3.56 L). To this solution was slowly added cyclopropanecarbonyl chloride 8 (466 g, 
4.46 mol) at 25–40 °C, and the reaction mixture was stirred at this temperature for 1 h. Then 
H2O (780 mL) was slowly added to the reaction mixture at 30–40 °C. At this point, 3·H2O (2.23 
g) was added as seeds, followed by dropwise addition of H2O (1 L). 2 M NaOH (2.67 L) was 
slowly added to the mixture to adjust pH to 6.0–8.0, maintaining the temperature below 40 °C. 
Then H2O (5.34 L) was added at 40–45 °C, and the resulting slurry was stirred for 1 h at this 
temperature. After cooling to 20–30 °C, the slurry was stirred for 2 h and then filtered. The wet 
cake was washed with H2O (4.45 L) and dried in vacuo at 50 °C to afford 3·H2O as a white solid 
(1.04 kg, 99%). Mp 128–129 °C; 1H NMR (300 MHz, DMSO-d6) δ 0.95 (br d, J = 5.1 Hz, 4H), 
1.98 (br s, 1H), 2.19 (s, 3H), 3.34 (s, 2H, H2O), 3.98 (s, 3H), 6.84 (s, 1H), 6.97 (ddd, J = 9.0, 3.6, 
3.6 Hz, 1H), 7.30–7.37 (m, 2H), 7.54 (dd, J = 9.6, 2.3 Hz, 1H), 7.75 (dd, J = 10.1, 0.5 Hz, 1H), 
8.89 (d, J = 1.7 Hz, 1H), 10.0 (s, 1H), 11.2 (br s, 1H); 
13
C NMR (75 MHz, DMSO-d6) δ 8.0 (t, 
2C), 13.2 (q), 14.1 (d), 38.8 (q), 107.9 (d), 115.3 (d), 115.6 (dd like), 115.9 (dd, 
3
JCF = 7.3 Hz), 
117.0 (dd, 
2
JCF = 22.1 Hz), 120.8 (d), 125.8 (s), 126.2 (sd, 
2
JCF = 14.2 Hz), 135.1 (d), 145.3 (s), 
145.7 (s), 147.3 (s), 151.8 (sd, 
1
JCF = 243.2 Hz), 153.2 (s), 158.2 (s), 159.1 (s), 171.4 (s); IR 
(ATR); 3434, 3297, 3262, 3089, 3016, 1718, 1654, 1619, 1570, 1550, 1509, 1490, 1426, 1398, 
1369, 1314, 1299, 1286, 1273, 1252, 1185, 1155, 1133, 1116, 1049, 1035, 1014, 970, 949, 886, 
806, 786, 733, 689, 657, 592, 531, 511, 457, 443, 412 cm
−1
; MS (ESI): m/z 450 [M+H]
+
 for 
anhydrate; Anal. Calcd for C22H22FN7O4: C, 56.53; H, 4.74; F, 4.06; N, 20.97. Found: C, 56.48; 
H, 4.71; F, 4.00; N, 21.01.  
 
Recrystallization of 3.  
A 20 L separable flask was charged with 3·H2O (750 g, 1.60 mol), EtOH (12.2 L), and H2O 
(1.35 L). The mixture was heated to 65–75 °C and stirred until 3·H2O completely dissolved into 
the solvent. Then the solution was filtered through 0.45 µm filter, followed by washing with 
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EtOH/H2O (9:1, 1.5 L). The combined filtrate was heated to 65–75 °C and then cooled to 50–
55 °C. At this point, seeds (form A, 1.50 g) were added, and the slurry was aged for 1 h at this 
temperature. The mixture was heated to 60 °C again and stirred for 15 min. The mixture was 
cooled to 45–55 °C and stirred for 4 h, and then cooled to room temperature and stirred for 12 h. 
The slurry was heated to 45–55 °C again and stirred for 3 h, and then cooled to room 
temperature and filtered. The wet cake was washed with EtOH/H2O (9:1, 1.5 L) and dried in 
vacuo at 50 °C to afford 3 as a white solid (553 g, 77%, form A, residual EtOH: 1600 ppm). Mp 
217 °C; 
1
H NMR (300 MHz, DMSO-d6) δ 0.95 (br d, J = 5.1 Hz, 4H), 1.98 (br s, 1H), 2.19 (s, 
3H), 3.98 (s, 3H), 6.84 (s, 1H), 6.97 (ddd, J = 9.0, 3.6, 3.6 Hz, 1H), 7.30–7.37 (m, 2H), 7.54 (dd, 
J = 9.6, 2.3 Hz, 1H), 7.75 (dd, J = 10.1, 0.5 Hz, 1H), 8.89 (d, J = 1.7 Hz, 1H), 10.0 (s, 1H), 11.2 
(br s, 1H); 
13
C NMR (75 MHz, DMSO-d6) δ 8.0 (t, 2C), 13.2 (q), 14.1 (d), 38.8 (q), 107.9 (d), 
115.3 (d), 115.6 (dd), 115.9 (dd, 
3
JCF = 7.3 Hz), 117.0 (dd, 
2
JCF = 22.1 Hz), 120.8 (d), 125.8 (s), 
126.2 (sd, 
2
JCF = 14.2 Hz), 135.1 (d), 145.3 (s), 145.7 (s), 147.3 (s), 151.8 (sd, 
1
JCF = 243.2 Hz), 
153.2 (s), 158.2 (s), 159.1 (s), 171.4 (s); IR (ATR); 3298, 3247, 3087, 3028, 1660, 1621, 1550, 
1538, 1510, 1492, 1470, 1432, 1408, 1376, 1330, 1309, 1285, 1273, 1243, 1189, 1172, 1116, 
1086, 1048, 1035, 1015, 980, 965, 949, 900, 881, 852, 831, 820, 807, 786, 764, 756, 746, 714, 
683, 658, 642, 601, 589, 536, 507, 459 cm
−1
; MS (ESI): m/z 450 [M+H]
+
; Anal. Calcd for 





Inertsil ODS-3 column, 5 µm, 250 mm × 4.6 mm i.d.; UV detector at 254 nm; isocratic elution 
with CH3CN/50 mM aqueous KH2PO4 (pH 7) (30:70) at 1.0 mL/min flow rate; column 
temperature: 25 °C. Retention times: 67a (3.9 min), 62a (4.9 min). 
 
General procedure for the one-pot oxidative cyclization 
To a solution of 1-(3-chloropyridin-2-yl)guanidine 67c (1.00 g, 5.86 mmol) in MeOH (100 mL) 
was added N-chlorosuccinimide (861 mg, 6.45 mmol) at 40 °C, and the mixture was stirred at 
the same temperature for 15 min. To the resulting slurry was added K2CO3 (1.70 g, 12.3 mmol) 
in H2O (20 mL) at 40 °C, and the mixture was stirred at the same temperature for 30 min. After 
cooling to room temperature, the solvent was concentrated in vacuo. To the residue were added 
EtOAc (100 mL) and 10% aqueous NaCl (50 mL), and the layers were separated. The aqueous 
layer was extracted with EtOAc (2 × 100 mL), and the combined organic layer was washed with 
10% aqueous K2CO3 (2 × 50 mL) and 10% aqueous NaCl (50 mL). The organic layer was 
concentrated in vacuo and the residue was purified by column chromatography (NH silica gel, 
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1:4 EtOAc/n-hexane to 3:97 MeOH/EtOAc) to give crude 62c (275 mg) and 69c (190 mg, 19%, 
pale brown solid). Crude 62c (150 mg) was triturated with EtOAc/hexnae (1:1, 2 mL) and 
filtered to give 62c (148 mg, 27%) as a pale brown solid. 
 




To a suspension of 2-chloro-5-nitropyridine 66a (5.00 g, 31.5 mmol) and guanidine 
hydrochloride (30.1 g, 315 mmol) in t-BuOH (250 mL) was added K2CO3 (65.3 g, 473 mmol), 
and the mixture was refluxed for 50 h. The solvent was removed by evaporation, and H2O (200 
mL) was added to the residue. The slurry was stirred at room temperature for 1 h and then 
filtered. The wet cake was washed with H2O (2 × 10 mL). The resulting solids were suspended 
in EtOH/H2O (1:6, 11 mL), and the mixture was stirred at 60 °C for 1 h. The mixture was 
cooled by ice bath and stirred for 1 h, and then filtered. The wet cake was washed with H2O (3 × 
2 mL) and dried in vacuo to give the crude product (3.69 g). The crude product (3.00 g) was 
suspended in EtOAc/n-hexane (1:2, 27 mL), and the mixture was stirred at 50 °C for 30 min. 
The mixture was cooled to room temperature and stirred for 1 h, and then filtered. The obtained 
solids were suspended in EtOAc/n-hexane (1:1, 12 mL), and the mixture was stirred at 50 °C for 
30 min. The mixture was cooled to room temperature and stirred for 1 h, and then filtered to 
give 67a as an orange solid (1.16 g, 25%). Mp 228 °C; 
1
H NMR (500 MHz, DMSO-d6) δ 6.58 
(d, J = 9.5 Hz, 1H), 7.30 (br s, 4H), 8.10 (dd, J = 9.3, 3.0 Hz, 1H), 8.93 (d, J = 2.8 Hz, 1H); 
13
C 
NMR (125 MHz, DMSO-d6) δ 118.0, 131.3, 134.8, 144.6, 159.7, 167.2; IR (ATR) 3406, 3033, 
1664, 1599, 1563, 1509, 1461, 1412, 1313, 1262, 1111, 992, 947, 934, 864, 836, 771, 726, 713, 
531, 496, 452, 420 cm
−1
; HRMS-ESI (m/z): [M + H]
+




To a suspension of 2-chloro-3-nitropyridine 66b (5.00 g, 31.5 mmol) and guanidine 
hydrochloride (30.1 g, 315 mmol) in t-BuOH (150 mL) was added K2CO3 (65.4 g, 473 mmol), 
and the mixture was refluxed for 40 h. The solvent was removed by evaporation, and EtOAc 
(500 mL) was added to the residue. The suspension was filtered through a pad of NH silica gel, 
and the pad was washed with EtOAc (2 × 100 mL). The combined filtrate was washed with 
saturated brine (3 × 15 mL) and 10% aqueous NaCl (2 × 15 mL), and concentrated in vacuo. 
The resulting solids were suspended in EtOAc/n-hexane (1:2, 45 mL) and stirred at 50 °C for 1 
h. The mixture was cooled to room temperature and stirred for 1 h, and then filtrated to give the 
crude product (3.99 g). The crude product (1.00 g) was suspended in EtOAc/n-hexane (1:2, 9 
mL), and the mixture was stirred at 50 °C for 30 min. The mixture was cooled to room 
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temperature and stirred for 1 h, and then filtrated to give 67b as a yellow solid (462 mg, 32%). 
Mp 140–141 °C (lit.53 143–144 °C); 1H NMR (500 MHz, DMSO-d6) δ 6.73 (dd, J = 7.6, 5.0 Hz, 
1H), 6.96 (br s, 4H), 7.86 (dd, J = 7.9, 1.9 Hz, 1H), 8.21 (dd, J = 4.7, 1.9 Hz, 1H); 
13
C NMR 
(125 MHz, DMSO-d6) δ 111.9, 130.8, 140.3, 148.8, 154.7, 158.4; IR (ATR) 3458, 3412, 3128, 
2362, 1651, 1581, 1536, 1491, 1417, 1348, 1325, 1257, 1044, 877, 837, 760, 730, 714, 586, 555, 
527, 447 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for C6H8N5O2, 182.0678; found, 182.0670. 
 
1-(3-Chloropyridin-2-yl)guanidine (67c) 
To a suspension of 2,3-dichloropyridine 66c (4.50 g, 30.4 mmol) and guanidine carbonate (16.4 
g, 91.2 mmol) in 1-methylpyrrolidin-2-one (NMP) (40 mL) was added K2CO3 (21.0 g, 152 
mmol), and the mixture was heated to 140 °C and stirred for 30 h. The mixture was filtered 
through a glass filter at approximately 100 °C, and the cake was washed with EtOAc (5 × 90 
mL). The combined filtrate was washed with H2O (45 mL) and 10% aqueous NaCl (3 × 45 mL), 
and concentrated in vacuo. The residue was suspended in EtOAc/n-hexane (1:2, 45 mL), and the 
mixture was stirred at 50 °C for 1 h. The mixture was cooled by ice bath and stirred for 1 h, and 
then filtered. The obtained solids were suspended in H2O (45 mL), and the slurry was stirred at 
50 °C for 1 h. The mixture was cooled by ice bath and stirred for 1 h, and then filtered to give 
67c (2.01 g, 39%) as a white solid. Mp 138 °C; 
1
H NMR (500 MHz, DMSO-d6) δ 6.63 (dd, J = 
7.7, 4.9 Hz, 1H), 6.83 (br s, 4H), 7.61 (dd, J = 7.7, 1.7 Hz, 1H), 7.98 (dd, J = 4.9, 1.7 Hz, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 113.8, 123.0, 136.9, 144.1, 157.8, 159.2; IR (ATR) 3474, 
3365, 3148, 2357, 1609, 1555, 1512, 1421, 1311, 1230, 1154, 1121, 1036, 997, 951, 855, 764, 
731, 668, 646, 558, 523, 476, 455, 431, 405 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for 
C6H8ClN4, 171.0437; found, 171.0432. 
 
1-(5-Chloropyridin-2-yl)guanidine (67d) 
To a suspension of 5-chloro-2-fluoropyridine 66d (5.00 g, 38.0 mmol) and guanidine carbonate 
(20.5 g, 114 mmol) in NMP (50 mL) was added K2CO3 (26.3 g, 190 mmol), and the mixture 
was heated to 130 °C and stirred for 8 h. To the mixture at room temperature were added EtOAc 
(100 mL) and H2O (200 mL), and the layers were separated. The aqueous layer was extracted 
with EtOAc (3 × 100 mL), and the combined organic layer was washed with 10% aqueous NaCl 
(3 × 50 mL) and concentrated in vacuo. To the resulting residue was added EtOAc (500 mL), 
and the solution was filtered through a pad of NH silica gel. The filtrate was evaporated, and the 
residue was suspended in EtOAc/n-hexane (1:3, 40 mL). The mixture was stirred at 40 °C for 1 
h. The mixture was cooled to room temperature and stirred for 1 h, and then filtered. The 
obtained solids were dissolved into H2O (15 mL) at 50 °C, and the solution was gradually 
cooled to room temperature. The slurry was stirred at room temperature for 1 h, and then filtered 
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to give 67d (3.03 g, 47%) as a white solid. Mp 162–163 °C; 1H NMR (500 MHz, DMSO-d6) δ 
6.60 (dd, J = 8.8, 0.6 Hz, 1H), 6.75 (br s, 4H), 7.48 (dd, J = 8.8, 2.8 Hz, 1H), 8.04 (d, J = 2.5 Hz, 
1H); 
13
C NMR (125 MHz, DMSO-d6) δ 119.3, 120.0, 136.5, 143.7, 157.6, 162.1; IR (ATR) 
3468, 3414, 2362, 1627, 1573, 1543, 1518, 1463, 1370, 1314, 1278, 1229, 1133, 1110, 1004, 
914, 857, 834, 756, 730, 614, 572, 520 459, 436, 405 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd 
for C6H8ClN4 171.0437; found, 171.0432. 
 
1-[3-(Trifluoromethyl)pyridin-2-yl]guanidine (67e) 
To a suspension of 2-chloro-3-(trifluoromethyl)pyridine 66e (10.0 g, 55.3 mmol) and guanidine 
carbonate (29.9 g, 166 mmol) in NMP (100 mL) was added K2CO3 (38.2 g, 277 mmol), and the 
mixture was heated to 120 °C and stirred for 40 h. The mixture was filtered through a glass filter 
at approximately 100 °C, and the cake was washed with EtOAc (5 × 200 mL). The combined 
filtrate was washed with H2O (100 mL) and 10% aqueous NaCl (3 × 100 mL), and concentrated 
in vacuo. The residue was purified by column chromatography (NH silica gel, EtOAc/n-hexane 
1:10 to 2:3) to give the crude product. To the crude product in EtOAc (200 mL) was added 
activated carbon (500 mg), and the mixture was stirred at room temperature for 30 min. The 
activated carbon was filtered off, and the filtrate was concentrated in vacuo. The residue was 
dissolved into EtOAc (100 mL), and 4M HCl in EtOAc (14 mL, 55.3 mmol) was added at 5 °C. 
The mixture was stirred at 5 °C for 30 min, and then filtered. To the obtained solids were added 
EtOAc (200 mL) and aqueous 5% NaHCO3 (50 mL), and the layers were separated. The 
aqueous layer was extracted with EtOAc (100 mL), and the combined organic layer was 
concentrated in vacuo. To the residue was added EtOAc/n-hexane (1:3, 10 mL), and the slurry 
was stirred at 5 °C for 1 h, and then filtered to give 67e (1.31 g, 12%) as a white solid. Mp 128–
130 °C; 
1
H NMR (500 MHz, DMSO-d6) δ 6.72 (dd, J = 7.4, 4.9 Hz, 1H), 6.87 (br s, 4H), 7.78 
(dd, J = 7.6, 1.9 Hz, 1H), 8.23 (dd, J = 5.0, 1.6 Hz, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 
111.9, 115.8 (q, 
2
JCF = 28.8 Hz), 124.3 (q, 
1
JCF = 270.0 Hz), 135.1 (q, 
3
JCF = 6.3 Hz), 149.7, 
157.7, 160.5; IR (ATR) 3483, 3449, 3384, 3164, 1614, 1592, 1561, 1513, 1430, 1334, 1301, 
1256, 1226, 1158, 1127, 1102, 1070, 1027, 965, 859, 806, 779, 742, 695, 615, 583, 543, 483, 
471, 448, 435, 422 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for C7H8F3N4, 205.0701; found, 
205.0696. 
 
1-[5-(Trifluoromethyl)pyridin-2-yl]guanidine 0.9 1-methylpyrrolidin-2-one solvate (67f) 
To a suspension of 2-chloro-5-(trifluoromethyl)pyridine 66f (8.00 g, 44.1 mmol) and guanidine 
carbonate (7.94 g, 44.1 mmol) in NMP (80 mL) was added K2CO3 (18.3 g, 132 mmol), and the 
mixture was heated to 120 °C and stirred for 7 h. The mixture was filtered through a glass filter 
at approximately 100 °C, and the cake was washed with EtOAc (5 × 160 mL). The combined 
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filtrate was washed with H2O (80 mL) and 10% aqueous NaCl (3 × 80 mL), and concentrated in 
vacuo. To the residue was added EtOAc/n-hexane (1:2, 40 mL), and the mixture was stirred at 
50 °C for 1 h. The mixture was cooled by ice bath and stirred for 1 h, and then filtered to give 
the crude product (6.13 g). The crude product (1.00 g) was suspended in EtOAc/n-hexane (1:2, 
9 mL), and the mixture was stirred at 50 °C for 1 h. The mixture was cooled to room 
temperature and stirred for 1 h, and then filtered to give 67f (829 mg, 39%) as a white solid. Mp 
95–97 °C; 1H NMR (500 MHz, DMSO-d6) δ 1.85–1.96 (m, 1.8H, NMP), 2.18 (t, J = 8.0 Hz, 
1.8H, NMP), 2.70 (s, 2.7H, NMP), 3.30 (t, J = 6.9 Hz, 1.8H, NMP), 6.66 (d, J = 8.8 Hz, 1H), 
7.01 (br s, 4H), 7.67 (dd, J = 8.8, 2.5 Hz, 1H), 8.35 (br s, 1H); 
13
C NMR (125 MHz, DMSO-d6) 
δ 17.2 (NMP), 28.9 (NMP), 30.1 (NMP), 48.4 (NMP), 113.9 (q, 2JCF = 32.1 Hz), 118.3, 124.9 (q, 
1
JCF = 268.3 Hz), 133.1 (q, 
3
JCF = 2.5 Hz), 143.5 (q, 
3
JCF = 5.0 Hz), 158.8, 166.1, 173.7 (NMP); 
IR (ATR) 3483, 3449, 3384, 3163, 1614, 1591, 1561, 1512, 1430, 1334, 1301, 1256, 1226, 1158, 
1127, 1102, 1070, 1027, 965, 859, 806, 779, 742, 695, 651, 614, 584, 542, 480, 470, 448, 435, 
422, 410 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for C7H8F3N4, 205.0701; found, 205.0694; 




To a suspension of 2-chloro-4-(trifluoromethyl)pyridine 66g (4.50 g, 24.8 mmol) and guanidine 
carbonate (13.4 g, 74.4 mmol) in NMP (45 mL) was added K2CO3 (17.1 g, 124 mmol), and the 
mixture was heated to 120 °C and stirred for 18 h. The mixture was filtered through a glass filter 
at approximately 100 °C, and the cake was washed with EtOAc (5 × 90 mL). The combined 
filtrate was washed with H2O (45 mL) and 10% aqueous NaCl (3 × 45 mL), and concentrated in 
vacuo. The residue was suspended in EtOAc/n-hexane (1:2, 23 mL), and the mixture was stirred 
at 50 °C for 1 h. The mixture was cooled by ice bath and stirred for 1 h, and then filtered. The 
obtained solids were suspended in H2O (13 mL) and the slurry was stirred at 50 °C for 1 h. The 
mixture was gradually cooled by ice bath and stirred for 1 h, and then filtered to give 67g (2.39 
g, 47%) as a white solid. Mp 141–142 °C; 1H NMR (500 MHz, DMSO-d6) δ 6.75 (s, 1H), 6.85 
(dd, J = 5.4, 1.6 Hz, 1H), 6.92 (br s, 4H), 8.25 (d, J = 5.4 Hz, 1H); 
13
C NMR (125 MHz, 
DMSO-d6) δ 107.5 (q, 
3
JCF = 2.5 Hz), 113.9 (q, 
3
JCF = 3.8 Hz), 123.2 (q, 
1
JCF = 271.3 Hz), 137.3 
(q, 
2
JCF = 32.5 Hz), 147.7, 158.3, 164.2; IR (ATR) 3388, 3045, 1663, 1595, 1527, 1411, 1335, 
1293, 1271, 1171, 1145, 1122, 1078, 980, 871, 817, 793, 758, 731, 689, 667, 561, 536, 467, 444, 
421, 401 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for C7H8F3N4, 205.0701; found, 205.0693. 
 
1-(6-Fluoropyridin-2-yl)guanidine (67h) 
To a suspension of 2,6-difluoropyridine 66h (4.00 g, 34.8 mmol) and guanidine carbonate (12.5 
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g, 69.6 mmol) in N,N-dimethylacetamide (80 mL) was added K2CO3 (14.4 g, 104 mmol), and 
the mixture was heated to 120 °C and stirred for 6 h. At this point, guanidine carbonate (6.27 g, 
34.8 mmol) and K2CO3 (9.62 g, 69.6 mmol) were added, and the mixture was stirred at 120 °C 
for an additional 3 h. After cooling to room temperature, EtOAc (160 mL) and H2O (240 mL) 
were added, and the layers were separated. The aqueous layer was extracted with EtOAc (5 × 40 
mL), and the combined organic layer was washed with saturated brine (2 × 40 mL) and 10% 
aqueous NaCl (3 × 40 mL), and concentrated in vacuo. The resulting residue was purified by 
column chromatography (NH silica gel, EtOAc/n-hexane 1:1). The obtained solids were 
suspended in EtOAc/n-hexane (1:2, 36 mL), and the mixture was stirred at 50 °C for 1 h. The 
mixture was cooled to room temperature and stirred for 1 h, and then filtered. The obtained 
solids were suspended in H2O (12 mL), and the mixture was stirred at 50 °C for 1 h. The 
mixture was cooled to room temperature and stirred for 1 h, and then filtered to give the crude 
product (2.31 g). The crude product (1.00 g) was suspended in EtOAc/n-hexane (1:3, 5 mL), 
and the slurry was stirred at 50 °C for 1 h. The mixture was gradually cooled to room 
temperature and stirred for 1 h, and then filtered to give 67h (866 mg, 37%) as a white solid. 
Mp 121–122 °C; 1H NMR (500 MHz, DMSO-d6) δ 6.27 (dd, J = 7.6, 2.2 Hz, 1H), 6.48 (dd, J = 
8.0, 2.1 Hz, 1H), 6.67 (br s, 4H), 7.56 (dt, J = 9.8, 7.9 Hz, 1H); 
13
C NMR (125 MHz, DMSO-d6) 
δ 96.4 (d, 2J = 36.3 Hz), 115.6 (d, 4JHF = 5.0 Hz), 141.5 (d, 
3
JHF = 6.3 Hz), 158.0, 161.2 (d, 
1
JHF = 
233.8 Hz), 162.6 (d, 
3
JHF = 12.6 Hz); IR (ATR) 3485, 3310, 3137, 2255, 2179, 1709, 1635, 1608, 
1564, 1537, 1487, 1464, 1416, 1334, 1260, 1243, 1222, 1151, 1055, 1035, 988, 957, 866, 781, 
726, 696, 673, 596, 572, 555, 472, 422, 404 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for 
C6H8FN4, 155.0733; found, 155.0725. 
 
1-[3-Chloro-5-(trifluoromethyl)pyridin-2-yl]guanidine (67i) 
To a suspension of 2,3-dichloro-5-(trifluoromethyl)pyridine 66i (10.0 g, 46.3 mmol) and 
guanidine carbonate (8.34 g, 46.3 mmol) in NMP (100 mL) was added K2CO3 (19.2 g, 139 
mmol), and the mixture was heated to 100 °C and stirred for 5 h. The mixture was filtered 
through a glass filter at approximately 100 °C, and the cake was washed with EtOAc (200 mL). 
To the combined filtrate was added 10% aqueous NaCl (100 mL), and the layers were separated. 
The aqueous layer was extracted with EtOAc (3 × 100 mL). The combined organic layer was 
washed with 10% aqueous NaCl (3 × 100 mL) and concentrated in vacuo. To the residue was 
added EtOAc (100 mL), and the solution was cooled by ice bath. To the solution was added 4M 
HCl in EtOAc (23 mL, 92.6 mmol), and the mixture was stirred for 2 h, and then filtered. To the 
obtained solids were added EtOAc (200 mL), H2O (50 mL) and 8M NaOH (12 mL, 92.6 mL), 
and the layers were separated. The aqueous layer was extracted with EtOAc (3 × 100 mL). The 
combined organic layer was concentrated in vacuo. The residue was purified by column 
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chromatography (NH silica gel, EtOAc/n-hexane 1:3 to 1:1) to give the crude product. To the 
crude product was added H2O (10 mL), and the mixture was stirred at 60 °C for 1 h. The 
mixture was cooled to room temperature and stirred for 1 h, and then filtered to give 67i (4.02 g, 
36%) as a white solid. Mp 146–149 °C; 1H NMR (500 MHz, DMSO-d6) δ 7.14 (br s, 4H), 7.91 
(d, J = 2.2 Hz, 1H), 8.30 (dd, J = 2.4, 1.1 Hz, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 113.9 (q, 
2
JCF = 32.5 Hz), 122.8, 124.0 (q, 
1
JCF = 268.8 Hz), 132.9 (q, 
3
JCF = 2.5 Hz), 141.7 (q, 
3
JCF = 5.0 
Hz), 159.2, 161.5; IR (ATR) 3511, 3457, 3405, 3324, 1624, 1600, 1542, 1519, 1461, 1405, 1382, 
1331, 1307, 1257, 1153, 1112, 1088, 1054, 999, 937, 910, 878, 809, 773, 721, 670, 641, 598, 
543, 481, 465, 421, 405 cm
−1
; HRMS-ESI (m/z): [M + H]
+




To a suspension of 2-chloroquinoline 66j (4.50 g, 27.5 mmol) and guanidine carbonate (14.9 g, 
82.5 mmol) in NMP (45 mL) was added K2CO3 (19.0 g, 138 mmol), and the mixture was heated 
to 120 °C and stirred for 17 h. After cooling to room temperature, EtOAc (90 mL) was added, 
and the mixture was filtered through a glass filter. The cake was washed with EtOAc (4 × 90 
mL). To the combined filtrate was added H2O (45 mL), and the layers were separated. The 
organic layer was washed with 10% aqueous NaCl (2 × 45 mL) and concentrated in vacuo. The 
residue was suspended in EtOAc/n-hexane (1:2, 45 mL), and the mixture was stirred at 50 °C 
for 1 h. The mixture was cooled to room temperature and stirred for 1 h, and then filtered. The 
obtained solids were suspended in H2O (14 mL), and the mixture was stirred at 50 °C for 1 h. 
The mixture was cooled by ice bath and stirred for 1 h, and then filtered to give 67j (2.54 g, 
50%) as a white solid. Mp 218–219 °C; 1H NMR (500 MHz, DMSO-d6) δ 6.80 (d, J = 8.8 Hz, 
1H), 7.18 (br s, 4H), 7.22 (td, J = 7.4, 1.3 Hz, 1H), 7.43–7.53 (m, 1H) 7.59 (d, J = 8.5 Hz, 1H), 
7.65 (dd, J = 8.0, 1.1 Hz, 1H), 7.90 (d, J = 8.8 Hz, 1H),; 
13
C NMR (125 MHz, DMSO-d6) δ 
121.7, 122.2, 123.4, 125.7, 127.1, 128.6, 135.9, 146.4, 158.9, 162.9; IR (ATR) 3411, 2997, 1657, 
1620, 1585, 1535, 1491, 1444, 1417, 1378, 1349, 1309, 1284, 1246, 1212, 1142, 1119, 1016, 
1003, 974, 944, 929, 828, 788, 763, 752, 684, 640, 593, 550, 478, 467, 447, 416 cm
−1
; 
HRMS-ESI (m/z): [M + H]
+
 calcd for C10H11N4, 187.0984; found, 187.0976. 
 
1-(Isoquinolin-1-yl)guanidine (67k) 
To a suspension of 1-chloroisoquinoline 66k (4.50 g, 27.5 mmol) and guanidine carbonate (14.9 
g, 82.5 mmol) in NMP (45 mL) was added K2CO3 (19.0 g, 138 mmol), and the mixture was 
heated to 120 °C and stirred for 15 h. The mixture was filtered through a glass filter at 
approximately 100 °C, and the cake was washed with EtOAc (5 × 90 mL). To the combined 
filtrate was added H2O (45 mL) and the layers were separated. The organic layer was washed 
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with 10% aqueous NaCl (3 × 45 mL) and concentrated in vacuo. The residue was purified by 
column chromatography (NH silica gel, EtOAc/n-hexane 1:1). The obtained solids were 
suspended in H2O (45 mL) and the slurry was stirred at 50 °C for 1 h. The mixture was cooled 
to room temperature and stirred for 1 h, and then filtered to give the crude product (3.30 g). The 
crude product (700 mg) was suspended in EtOAc/n-hexane (1:2, 11 mL), and the mixture was 
stirred at 50 °C for 1 h. The mixture was cooled to room temperature and stirred for 1 h, and 
then filtered to give 67k (0.627 g, 58%) as a white solid. Mp 193–194 °C; 1H NMR (500 MHz, 
DMSO-d6) δ 6.98 (d, J = 6.0 Hz, 1H), 7.11 (br s, 4H), 7.43 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.58 
(ddd, J = 7.6, 7.6, 1.3 Hz, 1H), 7.61–7.67 (m, 1H), 7.90 (d, J = 5.7 Hz, 1H), 8.62 (d, J = 8.5 Hz, 
1H); 
13
C NMR (125 MHz, DMSO-d6) δ 111.3, 125.5, 125.6, 126.0, 126.8, 130.0, 137.3, 140.4, 
158.9, 162.0; IR (ATR) 3382, 3046, 2179, 1586, 1519, 1489, 1443, 1390, 1363, 1315, 1277, 
1211, 1139, 1089, 1020, 964, 950, 877, 810, 797, 757, 728, 682, 658, 584, 520, 463, 425, 404 
cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for C10H11N4, 187.0984; found, 187.0976. 
 
1-(Benzo[d]oxazol-2-yl)guanidine (67m) 
To a suspension of 2-chlorobenzo[d]oxazole 66m (4.50 g, 29.3 mmol) and guanidine carbonate 
(5.28 g, 29.3 mmol) in NMP (90 mL) was added K2CO3 (12.1 g, 87.9 mmol), and the mixture 
was heated to 100 °C and stirred for 1 h. After cooling to room temperature, EtOAc (135 mL) 
and H2O (225 mL) were added, and the layers were separated. The aqueous layer was extracted 
with EtOAc (3 × 90 mL). The combined organic layer was washed with 10% aqueous NaCl (3 × 
23 mL) and concentrated in vacuo. The residue was purified by column chromatography (NH 
silica gel, EtOAc/n-hexane 1:3 to 1:1). The obtained solids were suspended in H2O (23 mL) and 
the mixture was stirred at 40 °C for 1 h. The mixture was cooled by ice bath and stirred for 1 h, 
and then filtered to give the crude product (3.83 g). The crude product (700 mg) was suspended 
in EtOAc/n-hexane (1:2, 11 mL), and the mixture was stirred at 50 °C for 1 h. The mixture was 
cooled to room temperature and stirred for 1 h, and then filtered to give 67m as a white solid 
(535 mg, 57%). Mp 185–186 °C (lit.54 186 °C); 1H NMR (500 MHz, DMSO-d6) δ 7.03 (dd, J 
= 7.7, 1.1 Hz, 1H), 7.07–7.20 (m, 1H), 7.18 (br s, 4H), 7.20–7.30 (m, 1H), 7.30–7.40 (m, 1H); 
13
C NMR (125 MHz, DMSO-d6) δ 108.5, 115.3, 120.8, 123.0, 142.5, 146.6, 159.8, 166.4; IR 
(ATR) 3448, 3340, 3196, 3056, 1609, 1547, 1455, 1344, 1316, 1251, 1177, 1101, 1029, 1007, 
962, 919, 755, 728, 504, 434, 416, 409 cm
−1
; HRMS-ESI (m/z): [M + H]
+
 calcd for C8H9N4O, 
177.0776; found, 177.0768. 
 
2-Chloro-1-(5-nitropyridin-2-yl)guanidine (68a) 
To a suspension of 67a (544 mg, 3.00 mmol) in MeCN (27 mL) was added N-chlorosuccinimide 
(NCS, 441 mg, 3.30 mmol) at 40 °C, and the mixture was stirred at this temperature for 15 min. 
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The mixture was cooled by ice bath and stirred for 30 min, and then filtered to give 68a (584 
mg, 90%) as a pale yellow solid. Mp 154–155 °C; 1H NMR (500 MHz, DMSO-d6) δ 7.35 (d, J 
= 9.5 Hz, 1H), 7.58 (br s, 2H), 8.44 (dd, J = 9.5, 2.8 Hz, 1H), 9.05 (d, J = 2.5 Hz, 1H), 10.3 (s, 
1H); 
13
C NMR (125 MHz, DMSO-d6) δ 111.2, 133.7, 137.8, 144.5, 157.5, 157.9; IR (ATR) 
3461, 3228, 3056, 1659, 1599, 1562, 1523, 1478, 1413, 1322, 1287, 1243, 1159, 1111, 1014, 
978, 954, 889, 850, 833, 756, 723, 697, 609, 528, 499, 416 cm
−1
; HRMS (ESI): [M+H]
+
 calcd 
for C6H7N5O2Cl, 216.0288; found, 216.0287. 
 
Syntheses of [1,2,4]triazolo[1,5-a]pyridin-2-amines 62 and [1,2,4]triazolo[4,3-a]pyridin-3- 
amines 69 
6-Nitro[1,2,4]triazolo[1,5-a]pyridin-2-amine (62a) 
Synthesis from 68a 
To a suspension of 68a (431 mg, 2.00 mmol) in MeCN (22 mL) was added K2CO3 (581 mg, 
4.20 mmol) in H2O (9 mL) at 40 °C, and the mixture was stirred at this temperature for 30 min. 
After cooling to room temperature, H2O (35 mL) was added, and the mixture was cooled by ice 
bath and stirred for 30 min, and then filtered to give 62a (332 mg, 93%) as a yellow solid. Mp 
311–312 °C (lit.45 310 °C); 1H NMR (600 MHz, DMSO-d6) δ 6.68 (s, 2H), 7.47 (d, J = 9.5 Hz, 
1H), 8.16 (dd, J = 9.4, 2.3 Hz, 1H), 9.64 (d, J = 1.9 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 
110.9, 123.8, 126.9, 135.1, 152.6, 168.7; IR (ATR) 3449, 3320, 3237, 3110, 3070, 3033, 1633, 
1561, 1522, 1488, 1448, 1422, 1328, 1290, 1256, 1205, 1139, 1081, 1038, 946, 888, 831, 760, 
744, 725, 697, 610, 582, 550, 489, 424 cm
−1
; HRMS (ESI): [M+H]
+
 calcd for C6H6N5O2, 
180.0521; found, 180.0514. 
 
One-pot synthesis from 67a 
To a suspension of 67a (362 mg, 2.00 mmol) in MeOH (36 mL) was added NCS (294 mg, 2.20 
mmol) at 40 °C, and the mixture was stirred at this temperature for 15 min. To the resulting 
slurry was added K2CO3 (581 mg, 4.20 mmol) in H2O (7 mL) at 40 °C, and the mixture was 
stirred at this temperature for 30 min. After cooling to room temperature, H2O (29 mL) was 




Compound 62b was synthesized from 67b (544 mg, 3.00 mmol) according to the procedure 
described for the one-pot synthesis of 62a. Yellow solid, 461 mg, 86% yield. Mp 350 °C 
(decompose); 
1
H NMR (600 MHz, DMSO-d6) δ 6.71 (s, 2H), 7.04 (dd, J = 7.5, 7.5 Hz, 1H), 
8.41 (dd, J = 8.3, 1.1 Hz, 1H), 8.99 (dd, J = 6.4, 1.1 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 
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109.2, 127.2, 132.7, 133.4, 145.2, 167.7; IR (ATR) 3361, 3309, 3220, 3173, 3101, 1631, 1561, 
1519, 1442, 1413, 1340, 1272, 1194, 1149, 1077, 1038, 984, 898, 841, 835, 795, 752, 738, 686, 
596, 563, 543, 474, 452 cm
−1
; HRMS (ESI): [M+H]
+




Mp 225 °C; 
1
H NMR (600 MHz, DMSO-d6) δ 6.25 (s, 2H), 6.86 (dd, J = 7.7, 6.6 Hz, 1H), 7.60 
(dd, J = 7.7, 0.9 Hz, 1H), 8.55 (dd, J = 6.8, 1.1 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 
110.9, 116.9, 126.7, 128.1, 148.4, 166.1; IR (ATR) 3323, 3164, 1641, 1627, 1544, 1506, 1407, 
1308, 1221, 1203, 1136, 1121, 1062, 1029, 962, 907, 794, 779, 772, 749, 675, 635, 579, 561, 
537, 408 cm
−1
; HRMS (ESI): [M+H]
+
 calcd for C6H6ClN4, 169.0281; found, 169.0273. 
 
8-Chloro[1,2,4]triazolo[4,3-a]pyridin-3-amine (69c) 
Mp 270-271 °C (decompose) (lit.
46
 275–276 °C); 1H NMR (600 MHz, DMSO-d6) δ 6.56 (s, 2H), 
6.75 (dd, J = 7.0, 7.0 Hz, 1H), 7.28 (d, J = 7.1 Hz, 1H), 8.06 (dd, J = 6.8, 0.8 Hz, 1H); 
13
C NMR 
(150 MHz, DMSO-d6) δ 111.2, 120.0, 121.6, 124.0, 143.2, 149.8; IR (ATR) 3265, 3106, 1658, 
1629, 1575, 1517, 1500, 1439, 1414, 1378, 1331, 1154, 1128, 1043, 1036, 943, 935, 882, 868, 
781, 758, 727, 687, 651, 568, 557, 539, 510, 409, 404 cm
−1
; HRMS (ESI): [M+H]
+
 calcd for 
C6H6ClN4, 169.0281; found, 169.0273. 
 
6-Chloro[1,2,4]triazolo[4,3-a]pyridin-3-amine (69d) 
Compound 67d (512 mg, 3.00 mmol) in MeOH (51 mL) was treated with NCS (441 mg, 3.30 
mmol) and K2CO3 (871 mg, 6.3 mmol) in H2O (10 mL), and work-up was conducted according 
to the general procedure. The residue obtained after evaporation of the organic layer was 
purified by column chromatography (NH silica gel, EtOAc/n-hexane 1:1 to EtOAc) to give 
crude 69d (262 mg). Crude 69d (150 mg) was triturated with EtOAc/n-hexane (2:1, 2 mL) and 
filtered to give 69d (145 mg, 50%) as a pale yellow solid. Mp 256 °C (decompose); 
1
H NMR 
(600 MHz, DMSO-d6) δ 6.48 (s, 2H), 7.08 (dd, J = 9.8, 1.9 Hz, 1H), 7.50 (dd, J = 9.8, 0.8 Hz, 
1H), 8.34 (dd, J = 1.7, 0.9 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 116.5, 118.3, 120.1, 
125.8, 144.1, 148.5; IR (ATR) 3248, 3094, 1664, 1630, 1578, 1509, 1447, 1391, 1359, 1337, 
1165, 1137, 1034, 928, 851, 824, 817, 790, 734, 676, 572, 540, 416 cm
−1
; HRMS (ESI): [M+H]
+
 
calcd for C6H6ClN4, 169.0281; found, 169.0279. 
 
8-(Trifluoromethyl)[1,2,4]triazolo[1,5-a]pyridin-2-amine (62e) 
Compound 67e (817 mg, 4.00 mmol) in MeOH (82 mL) was treated with NCS (588 mg, 4.40 
mmol) and K2CO3 (1.16 g, 8.40 mmol) in H2O (16 mL), and work-up was conducted according 
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to the general procedure. The residue obtained after evaporation of the organic layer was 
purified by column chromatography (NH silica gel, EtOAc/n-hexane 1:4 to EtOAc) to give 
crude 62e (473 mg) and crude 69e (189 mg). Crude 62e (200 mg) was purified by column 
chromatography (NH silica gel, EtOAc/n-hexane 1:4 to 1:1), and the obtained solids were 
triturated with EtOAc/n-hexane (1:1, 1 mL) and filtered to give 62e (151 mg, 44%) as a white 
solid. Mp 221 °C; 
1
H NMR (600 MHz, DMSO-d6) δ 6.44 (s, 2H), 7.00 (t, J = 7.2 Hz, 1H), 7.84 
(d, J = 7.6 Hz, 1H), 8.84 (d, J = 6.8 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 109.9, 112.6 (q, 
2
JCF = 33.0 Hz), 122.9 (q, 
1
JCF = 270.0 Hz), 127.2 (q, 
3
JCF = 4.5 Hz), 131.2, 146.8, 166.8; IR 
(ATR) 3342, 3209, 1640, 1582, 1524, 1509, 1460, 1421, 1352, 1330, 1303, 1226, 1199, 1166, 
1112, 1068, 1028, 959, 929, 906, 807, 794, 762, 717, 667, 593, 526, 507 cm
−1
; HRMS (ESI): 
[M+H]
+
 calcd for C7H6F3N4, 203.0545; found, 203.0540. 
 
8-(Trifluoromethyl)[1,2,4]triazolo[4,3-a]pyridin-3-amine (69e) 
Crude 69e (100 mg) was triturated with EtOAc/n-hexane (1:1, 1 mL) and filtered to give 69e 
(87 mg, 20%) as a yellow solid. Mp 258 °C (decompose); 
1
H NMR (600 MHz, DMSO-d6) δ 
6.64 (s, 2H), 6.88 (t, J = 7.0 Hz, 1H), 7.58 (d, J = 6.8 Hz, 1H), 8.30 (d, J = 7.2 Hz, 1H); 
13
C 
NMR (150 MHz, DMSO-d6) δ 109.9, 115.9 (q, 
2
JCF = 33.0 Hz), 122.5 (q, 
1
JCF = 270.0 Hz), 
125.0 (q, 
3
JCF = 6.0 Hz), 126.6, 140.6, 149.2; IR (ATR) 3304, 3153, 1661, 1637, 1585, 1558, 
1508, 1450, 1424, 1390, 1338, 1313, 1240, 1163, 1139, 1114, 1046, 1031, 946, 872, 773, 742, 
733, 690, 642, 611, 564, 520, 504 cm
−1
; HRMS (ESI): [M+H]
+




Compound 67f (1.17 g, 4.00 mmol) in MeOH (117 mL) was treated with NCS (588 mg, 4.40 
mmol) and K2CO3 (1.16 g, 8.40 mmol) in H2O (23 mL), and work-up was conducted according 
to the general procedure. The residue obtained after evaporation of the organic layer was 
purified by column chromatography (NH silica gel, EtOAc/n-hexane 1:1 to 4:1) to give 62f (184 
mg, 23%) as a white solid and crude 69f (454 mg). Mp 182 °C; 
1
H NMR (600 MHz, DMSO-d6) 
δ 6.37 (s, 2H), 7.52 (d, J = 9.4 Hz, 1H), 7.68 (dd, J = 9.1, 1.9 Hz, 1H), 9.18 (s, 1H); 13C NMR 
(150 MHz, DMSO-d6) δ 112.8, 113.4 (q, 
2
JCF = 33.5 Hz), 123.7 (q, 
1
JCF = 269.0 Hz), 124.9 (q, 
3
JCF = 3.0 Hz), 126.6 (q, 
3
JCF = 4.5 Hz), 151.4, 167.5; IR (ATR) 3343, 3172, 2360, 2341, 1648, 
1564, 1543, 1522, 1428, 1358, 1331, 1307, 1181, 1120, 1058, 1034, 938, 864, 809, 761, 740, 
674, 639, 562, 537, 438, 415 cm
−1
; HRMS (ESI): [M+H]
+







Crude 69f (200 mg) was dissolved in EtOAc and washed with 5% aqueous K2CO3. After 
evaporation of the solvent, the obtained solids were triturated with EtOAc/n-hexane (1:1, 2 mL) 
and filtered to give 69f (184 mg, 52%) as a yellow solid. Mp 249 °C (decompose); 
1
H NMR 
(600 MHz, DMSO-d6) δ 6.72 (s, 2H), 7.23 (dd, J = 9.8, 1.5 Hz, 1H), 7.63 (d, J = 9.8 Hz, 1H), 
8.77 (d, J = 1.5 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 114.0 (q, 
2
JCF = 33.5 Hz), 117.0, 
119.8 (q, 
3
JCF = 3.0 Hz), 123.2 (q, 
3
JCF = 6.0 Hz), 123.6 (q, 
1
JCF = 269.0 Hz), 144.7, 149.5; IR 
(ATR) 3257, 3105, 1666, 1650, 1588, 1531, 1450, 1405, 1376, 1322, 1170, 1119, 1031, 930, 
889, 833, 801, 777, 743, 651, 633, 584, 566, 542, 522, 425, 410 cm
−1
; HRMS (ESI): [M+H]
+
 
calcd for C7H6F3N4, 203.0545; found, 203.0539. 
 
7-(Trifluoromethyl)[1,2,4]triazolo[1,5-a]pyridin-2-amine (62g) 
Compound 67g (817 mg, 4.00 mmol) in MeOH (82 mL) was treated with NCS (588 mg, 4.40 
mmol) and K2CO3 (1.16 g, 8.40 mmol) in H2O (16 mL), and work-up was conducted according 
to the general procedure. The residue obtained after evaporation of the organic layer was 
purified by column chromatography (NH silica gel, EtOAc/n-hexane 1:4 to 10:1) to give 62g 
(131 mg, 16%) as a pale yellow solid and crude 69g (496 mg). Mp 167–168 °C; 1H NMR (600 
MHz, DMSO-d6) δ 6.35 (s, 2H), 7.15 (dd, J = 7.0, 2.1 Hz, 1H), 7.82 (s, 1H), 8.78 (d, J = 7.2, 
1H); 
13
C NMR (150 MHz, DMSO-d6) δ 106.7 (q, 
3
JCF = 3.0 Hz), 109.7 (q, 
3
JCF = 3.8 Hz), 123.3 
(q, 
1
JCF = 270.8 Hz), 128.7 (q, 
2
JCF = 33.0 Hz), 128.7, 149.5, 167.4; IR (ATR) 3327, 3166, 1650, 
1556, 1523, 1509, 1483, 1326, 1272, 1256, 1211, 1180, 1119, 1057, 1035, 951, 860, 789, 758, 
740, 673, 582, 568, 544, 443, 413 cm
−1
; HRMS (ESI): [M+H]
+




Crude 69g (200 mg) was dissolved in EtOAc and washed with 10% aqueous NH4Cl and H2O. 
After evaporation of the solvent, the obtained solids were triturated with EtOAc/n-hexane (1:1, 
4 mL) and filtered to give 69g (162 mg, 50%) as a white solid. Mp 275 °C (decompose); 
1
H 
NMR (600 MHz, DMSO-d6) δ 6.71 (s, 2H), 6.99 (dd, J = 7.6, 1.5 Hz, 1H), 7.99 (s, 1H), 8.25 (d, 
J = 7.6 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 106.6 (q, 
3
JCF = 3.0 Hz), 114.6 (q, 
3
JCF = 5.5 
Hz), 123.3 (q, 
1
JCF = 270.5 Hz), 124.1, 124.8 (q, 
2
JCF = 33.0 Hz), 143.9, 149.4; IR (ATR) 3272, 
3081, 1651, 1572, 1509, 1481, 1428, 1371, 1336, 1293, 1263, 1145, 1050, 1035, 937, 887, 826, 
793, 779, 741, 731, 688, 674, 639, 606, 576, 526, 459, 433, 407 cm
−1
 ; HRMS (ESI): [M+H]
+
 






Compound 67i (716 mg, 3.00 mmol) in MeOH (72 mL) was treated with NCS (441 mg, 3.30 
mmol) and K2CO3 (871 mg, 6.30 mmol) in H2O (14 mL), and work-up was conducted 
according to the general procedure. The residue obtained after evaporation of the organic layer 
was purified by column chromatography (NH silica gel, EtOAc/n-hexane 1:5 to 5:1) to give 
crude 62i (420 mg) and crude 69i (129 mg). Crude 62i (200 mg) was triturated with 
EtOAc/n-hexane (1:1, 2 mL) and filtered to give 62i (193 mg, 57%) as a white solid. Mp 238–
239 °C; 
1
H NMR (600 MHz, DMSO-d6) δ 6.62 (s, 2H), 7.99 (d, J = 1.5 Hz, 1H), 9.22 (s, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 113.3 (q, 
2
JCF = 34.5 Hz), 117.5, 123.1 (q, 
1
JCF = 268.5 Hz), 
124.2 (q, 
3
JCF = 1.5 Hz), 125.9 (q, 
3
JCF = 4.5 Hz), 149.5, 167.3; IR (ATR) 3379, 3299, 3165, 
3111, 1627, 1542, 1401, 1351, 1321, 1306, 1219, 1170, 1116, 1074, 1031, 975, 920, 883, 869, 
841, 758, 691, 652, 628, 551, 532, 502, 449, 410 cm
−1
; HRMS (ESI): [M+H]
+
 calcd for 
C7H5ClF3N4, 237.0155; found, 237.0148. 
 
8-Chloro-6-(trifluoromethyl)[1,2,4]triazolo[4,3-a]pyridin-3-amine (69i) 
Crude 69i (129 mg) was triturated with EtOAc/n-hexane (1:1, 1 mL) and filtered to give 69i (72 
mg, 9%) as a white solid. Mp 266 °C (decompose); 
1
H NMR (600 MHz, DMSO-d6) δ 6.89 (s, 
2H), 7.58 (d, J = 1.1 Hz, 1H), 8.79 (s, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 113.9 (q, 
2
JCF = 
34.0 Hz), 119.0 (q, 
3
JCF = 2.7 Hz), 121.7, 122.6 (q, 
3
JCF = 6.0 Hz), 123.0 (q, 
1
JCF = 269.5 Hz), 
142.5, 150.9; IR (ATR) 3472, 3297, 3228, 3104, 2998, 1647, 1572, 1542, 1518, 1441, 1377, 
1345, 1312, 1234, 1163, 1115, 1069, 1037, 948, 905, 884, 873, 865, 831, 754, 732, 685, 651, 
630, 550, 446, 424 cm
−1
; HRMS (ESI): [M+H]
+




Compound 67j (745 mg, 4.00 mmol) in MeOH (75 mL) was treated with NCS (588 mg, 4.40 
mmol) and K2CO3 (1.16 g, 8.40 mmol) in H2O (15 mL), and work-up was conducted according 
to the general procedure. The residue obtained after evaporation of the organic layer was 
purified by column chromatography (NH silica gel, EtOAc/n-hexane 1:5 to EtOAc/MeOH 99:5) 
to give crude 62j (168 mg) and crude 69j (370 mg). Crude 62j (130 mg) was purified by column 
chromatography (NH silica gel, EtOAc/n-hexane 1:2), and the obtained solids were triturated 
with EtOAc/n-hexane (1:3, 3 mL) and filtered to give 62j (115 mg, 20%) as a pale pink solid. 
Mp 196 °C; 
1
H NMR (600 MHz, DMSO-d6) δ 6.09 (s, 2H), 7.45–7.54 (m, 2H), 7.78 (t, J = 7.9 
Hz, 1H), 7.94 (d, J = 9.4 Hz, 1H), 8.02 (d, J = 7.6 Hz, 1H), 8.15 (d, J = 8.3 Hz, 1H); 
13
C NMR 
(150 MHz, DMSO-d6) δ 113.2, 114.5, 121.9, 124.0, 129.0, 129.7, 130.2, 132.5, 148.5, 165.6; IR 
(ATR) 3328, 3178, 1651, 1611, 1561, 1530, 1449, 1418, 1392, 1355, 1330, 1215, 1092, 1054, 
89 
 
810, 767, 756, 745, 691, 643, 615, 554, 522, 508, 477, 424, 409 cm
−1
; HRMS (ESI): [M+H]
+
 
calcd for C10H9N4, 185.0827; found, 185.0820. 
 
[1,2,4]Triazolo[4,3-a]quinolin-1-amine (69j) 
Crude 69j (300 mg) was purified by column chromatography (NH silica gel, EtOAc), and the 
obtained solids were triturated with EtOAc/n-hexane (1:1, 3 mL) and filtered to give 69j (231 
mg, 39%) as a pink solid. Mp 255–256 (lit.55 175–177 °C, lit.56 250–253 °C); 1H NMR (600 
MHz, DMSO-d6) δ 6.31 (br s, 2H), 7.40 (d, J = 9.4 Hz, 1H), 7.45–7.55 (m, 2H), 7.65 (t, J = 7.6 
Hz, 1H), 7.87 (d, J = 7.6 Hz, 1H), 8.52 (d, J = 8.3 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 
115.1, 115.9, 124.0, 125.3, 127.4, 128.5, 128.6, 131.9, 146.1, 151.5; IR (ATR) 3292, 3126, 1654, 
1612, 1567, 1546, 1539, 1471, 1449, 1440, 1390, 1341, 1329, 1278, 1214, 1171, 1150, 1126, 
1065, 1039, 1008, 968, 930, 879, 854, 803, 754, 739, 691, 680, 609, 565, 536, 509, 440, 418 
cm
−1
; HRMS (ESI): [M+H]
+
 calcd for C10H9N4, 185.0827; found, 185.0820. 
 
[1,2,4]Triazolo[5,1-a]isoquinolin-2-amine (62k) 
Compound 67k (745 mg, 4.00 mmol) in MeOH (75 mL) was treated with NCS (588 mg, 4.40 
mmol) and K2CO3 (1.16 g, 8.40 mmol) in H2O (15 mL), and work-up was conducted according 
to the general procedure. The residue obtained after evaporation of the organic layer was 
purified by column chromatography (NH silica gel, EtOAc/n-hexane 1:2 to EtOAc/MeOH 98:2) 
to give crude 62k (361 mg) and crude 69k (141 mg). Crude 62k (300 mg) was purified by 
column chromatography (NH silica gel, EtOAc/n-hexane 1:2), and the obtained solids were 
triturated with EtOAc/n-hexane (2:1, 9 mL) and filtered to give 62k (212 mg, 35%) as an 
orange solid. Mp 193–195 °C; 1H NMR (600 MHz, DMSO-d6) δ 6.03 (s, 2H), 7.27 (d, J = 7.2 
Hz, 1H), 7.70 (td, J = 7.5, 1.3 Hz, 2H), 7.95 (d, J = 7.5 Hz, 1H), 8.29 (d, J = 7.7 Hz, 1H), 8.37 
(d, J = 7.2 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 110.7, 120.1, 123.1, 124.6, 127.3, 127.7, 
129.2, 131.0, 148.1, 165.3; IR (ATR) 3320, 3175, 1638, 1556, 1537, 1523, 1486, 1434, 1400, 
1370, 1330, 1298, 1258, 1137, 1095, 1058, 904, 823, 778, 747, 704, 682, 659, 613, 570, 548, 
509, 416 cm
−1
; HRMS (ESI): [M+H]
+
 calcd for C10H9N4, 185.0827; found, 185.0820. 
 
[1,2,4]Triazolo[3,4-a]isoquinolin-3-amine (69k) 
Crude 69k (141 mg) was purified by column chromatography (NH silica gel, EtOAc/n-hexane 
1:1 to EtOAc), and the obtained solids were triturated with EtOAc/n-hexane (1:1, 2 mL) and 
filtered to give 69k (98 mg, 13%) as an orange solid. Mp 263 °C (decompose); 
1
H NMR (600 
MHz, DMSO-d6) δ 6.47 (s, 2H), 7.07 (d, J = 7.2 Hz, 1H), 7.63 (dt, J = 7.7 Hz , 2H), 7.79 (d, J = 
7.0 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 8.31 (d, J = 7.1 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) 
δ 112.1, 119.8, 121.6, 122.0, 127.3, 128.5, 129.0 (2C), 143.7, 149.9; IR (ATR) 3311, 3139, 1644, 
90 
 
1567, 1557, 1525, 1480, 1459, 1437, 1370, 1325, 1303, 1132, 1044, 982, 926, 896, 783, 769, 
750, 741, 708, 700, 679, 636, 560, 507, 484, 471, 462, 443, 432, 421, 405 cm
−1
; HRMS (ESI): 
[M+H]
+
 calcd for C10H9N4, 185.0827; found, 185.0821. 
 
Synthesis of 62a from 5-nitropyridin-2-amine 
To a stirred solution of 5-nitropyridin-2-amine (1.00 g, 7.19 mmol) in acetone (10 mL) was 
added ethoxycarbonyl isothiocyanate (1.41 g, 10.8 mmol), and the mixture was stirred at 50 °C 
for 22 h. After cooling to room temperature, H2O (10 mL) was slowly added to the mixture. The 
slurry was stirred at room temperature for 1 h and then filtered to give ethyl 
[(5-nitropyridin-2-yl)carbamothioyl]carbamate (1.46 g, 75%) as a brown solid. Mp 178–179 °C; 
1
H NMR (600 MHz, DMSO-d6) δ 1.28 (t, J = 7.2 Hz, 3H), 4.25 (q, J = 7.2 Hz, 2H), 8.69 (dd, J 
= 9.2, 3.0 Hz, 1H), 8.90 (d, J = 9.4 Hz, 1H), 9.22 (d, J = 2.6 Hz, 1H), 12.0 (br s, 1H), 12.5 (br s, 
1H); 
13
C NMR (150 MHz, DMSO-d6) δ 14.0, 62.5, 113.9, 134.2, 140.8, 144.6, 153.3, 155.2, 
177.9; IR (ATR) 3162, 2994, 1720, 1579, 1529, 1508, 1455, 1355, 1311, 1243, 1192, 1143, 1110, 





 calcd for C9H11N4O4S, 271.0501; found, 271.0497. 
To a stirred solution of ethyl [(5-nitropyridin-2-yl)carbamothioyl]carbamate (1.00 g, 3.70 mmol) 
in EtOH (10 mL) were added N,N-diisopropylethylamine (1.43 g, 11.1 mmol) and 
hydroxylamine hydrochloride (1.29 g, 18.5 mmol), and the mixture was stirred at 50 °C for 1.5 
h. After cooling to room temperature, H2O (10 mL) was slowly added to the mixture. The slurry 
was stirred at room temperature for 1 h and then filtered. The wet solids were suspended in 
EtOAc/n-heptane (1:1, 10 mL), and the mixture was stirred at 50 °C for 30 min. The mixture 
was cooled to room temperature and stirred for 1 h, and then filtered to give 62a (587 mg, 89%) 
as a yellow solid. 
 
Synthesis of 62c from 3-chloropyridin-2-amine 60c 
Ethyl [(3-Chloropyridin-2-yl)carbamothioyl]carbamate (61c) 
To a stirred solution of 3-chloropyridin-2-amine 60c (800 mg, 6.22 mmol) in acetone (8 mL) 
was added ethoxycarbonyl isothiocyanate (1.22 g, 9.33 mmol), and the mixture was stirred at 
50 °C for 1 h. After cooling to room temperature, H2O (16 mL) was slowly added, and the 
mixture was stirred at 40 °C for 30 min. The mixture was cooled to room temperature and 
stirred for 1 h, and then filtered to give 61c (1.39 g, 86%) as a white solid. Mp 126–128 °C; 1H 
NMR (600 MHz, DMSO-d6) δ 1.27 (t, J = 7.2 Hz, 3H), 4.23 (q, J = 7.2 Hz, 2H), 7.42 (dd, J = 
8.1, 4.7 Hz, 1H), 8.04 (dd, J = 7.9, 1.5 Hz, 1H), 8.45 (dd, J = 4.5, 1.5 Hz, 1H), 11.4–11.5 (m, 
2H); 
13
C NMR (150 MHz, DMSO-d6) δ 14.1, 62.1, 124.4, 128.5, 138.7, 147.1, 148.5, 153.4, 
180.0; IR (ATR) 3152, 2989, 1723, 1578, 1510, 1474, 1447, 1423, 1370, 1321, 1266, 1235, 
91 
 





 calcd for C9H11ClN3O2S, 260.0261; found, 260.0258. 
 
Synthesis of 62c from 61c 
To a stirred solution of 61c (1.00 g, 3.85 mmol) in EtOH (10 mL) were added 
N,N-diisopropylethylamine (1.49 g, 11.6 mmol) and hydroxylamine hydrochloride (1.34 g, 19.3 
mmol), and the mixture was stirred at 50 °C for 2 h. After cooling to room temperature, H2O (10 
mL) was slowly added to the mixture. The slurry was stirred at room temperature for 1 h and 
then filtered. The wet solids were suspended in EtOAc/n-heptane (1:1, 10 mL), and the mixture 
was stirred at 50 °C for 30 min. The mixture was cooled to room temperature and stirred for 1 h, 
and then filtered to give 62c (443 mg, 68%) as a white solid. 
 




To a stirred solution of 66c (5.00 g, 33.8 mmol) in EtOH (25 mL) was added hydrazine 
monohydrate (6.77 g, 135 mmol), and the mixture was heated to reflux for 20 h. At this point, 
additional hydrazine monohydrate (1.69 g, 33.8 mmol) was added, and the mixture was heated 
to reflux for 20 h. The mixture was cooled by ice bath and stirred for 1 h, and then filtered to 
give 70 (4.40 g, 91%) as a white solid. Mp 164–166 °C (lit.57 163–164 °C); 1H NMR (600 MHz, 
DMSO-d6) δ 4.22 (br s, 2H), 6.61 (dd, J = 7.6, 4.9 Hz, 1H), 7.52– 7.64 (m, 2H), 8.05 (dd, J = 
4.7, 1.3 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 113.2, 113.6, 136.2, 145.7, 155.7; IR (ATR) 
3284, 3195, 1592, 1494, 1455, 1412, 1343, 1264, 1122, 1033, 991, 968, 957, 930, 787, 761, 750, 
726, 634, 610, 543, 497, 438, 423, 416 cm
−1
; HRMS (ESI): [M+H]
+
 calcd for C5H7ClN3, 
144.0328; found, 144.0323. 
 
2-(3-Chloropyridin-2-yl)-N-(2,4,4-trimethylpentan-2-yl)hydrazinecarbothioamide (71) 
To a stirred solution of 70 (3.00 g, 20.9 mmol) in THF (150 mL) was added 
2-isothiocyanato-2,4,4-trimethylpentane (4.30 g, 25.1 mmol), and the mixture was stirred at 
room temperature for 14 h. The mixture was concentrated in vacuo, and the residue was purified 
by column chromatography (EtOAc/n-hexane 1:5) to give the crude product. The crude product 
was suspended in n-hexane (35 mL), and the mixture was stirred at 50 °C for 30 min. The 
mixture was cooled to room temperature and stirred for 1 h, and then filtered to give 71 (5.84 g, 
89%) as a white solid. Mp 105–106 °C; 1H NMR (600 MHz,CDCl3) δ 0.93 (s, 9H), 1.60 (s, 6H), 
1.91 (s, 2H), 6.86 (m, 2H), 7.11 (br s, 1H), 7.52–7.63 (m, 2H), 8.18 (d, J = 4.5 Hz, 1H); 13C 
NMR (150 MHz,CDCl3) δ 28.9 (2C), 31.4 (3C), 31.5, 52.3, 57.6, 116.3, 118.1, 137.3, 146.5, 
152.5, 181.9; IR (ATR) 3360, 3332, 3208, 2954, 1586, 1567, 1533, 1503, 1472, 1454, 1402, 
92 
 
1387, 1365, 1323, 1266, 1225, 1156, 1127, 1101, 1065, 1034, 1005, 979, 791, 754, 735, 668, 
596, 553, 441, 412, 401 cm
−1
; HRMS (ESI): [M+H]
+




To a stirred solution of 71 (3.80 g, 12.1 mmol) in THF (114 mL) were added triethylamine (4.01 
g, 29.0 mmol) and 2-chloro-1-methylpyridinium iodide (4.01 g, 15.7 mmol), and the mixture 
was stirred at room temperature for 5 h. To the mixture were added EtOAc (228 mL) and H2O 
(38 mL), and the layers were separated. The organic layer was washed with 5% aqueous 
NaHCO3 (2 × 38 mL) and H2O (2 × 38 mL). To the organic layer was added activated carbon 
(380 mg), and the mixture was stirred at room temperature for 30 min. The mixture was filtered 
and the filtrate was concentrated in vacuo. The residue was purified by column chromatography 
twice (EtOAc/n-hexane 1:10 to 1:1, then EtOAc/n-hexane 1:3) to give the crude product. The 
crude product was suspended in EtOAc/n-hexane (1:5, 114 mL), and the mixture was stirred at 
50 °C for 30 min. The mixture was cooled to room temperature and stirred for 1 h, and then 
filtered to give 72 (1.72 g, 51%) as a pale brown solid. Mp 182–183 °C; 1H NMR (600 MHz, 
DMSO-d6) δ 0.92 (s, 9H), 1.51 (s, 6H), 1.93 (s, 2H), 6.22 (s, 1H), 6.73 (t, J = 7.0 Hz, 1H), 7.29 
(d, J = 6.8 Hz, 1H), 8.26 (d, J = 7.2 Hz, 1H); 
13
C NMR (150 MHz, DMSO-d6) δ 29.4 (3C), 31.1 
(2C), 31.4, 49.9, 55.3, 110.9, 120.0, 121.8, 124.3, 142.9, 148.3; IR (ATR) 3360, 3332, 3209, 
2953, 1586, 1567, 1533, 1503, 1471, 1454, 1402, 1387, 1365, 1323, 1266, 1225, 1156, 1127, 
1101, 1065, 1033, 1005, 979, 791, 754, 735, 667, 593, 553, 442, 413 cm
−1
; HRMS (ESI): 
[M+H]
+
 calcd for C14H22ClN4, 281.1533; found, 281.1530. 
 
Synthesis of 69c from 72 
To a stirred solution of 72 (500 mg, 1.78 mmol) in MeOH (2.5 mL) was added 6M HCl (2.5 
mL), and the mixture was stirred at 50 °C for 5 h. At this point, MeOH (2.5 mL) and 6M HCl 
(2.5 mL) were added, and the mixture was stirred at 50 °C for 2 h. Then additional MeOH (2.5 
mL) and 6M HCl (2.5 mL) were added, and the mixture was stirred at 50 °C for 1.5 h. The 
mixture was concentrated in vacuo. To the residue were added EtOAc (100 mL) and 5% 
aqueous NaHCO3 (50 mL), and the layers were separated. The aqueous phase was extracted 
with EtOAc (2 × 100 mL). The combined organic layer was washed with 5% aqueous NaHCO3 
(2 × 20 mL) and 10% aqueous NaCl (20 mL) and concentrated in vacuo. The resulting residue 
was suspended in EtOAc/n-hexane (1:1, 10 mL), and the mixture was stirred at 50 °C for 30 
min. The mixture was cooled to room temperature and stirred for 1 h, and then filtered to give 
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